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ALLOYING OF ALUMINUM SURFACES WITH CATHODIC ARC 
COPPER AND COPPER SURFACES WITH CATHODIC ARC ALUMINUM 
PLASMA  
SUMMARY 
In this study, a new approach for modification of surfaces with the help of cathodic 
arc plasma and its bias voltage dependent interaction with the substrates was 
introduced. Modification of surfaces with this new cathodic arc physical vapor 
deposition (CA-PVD) approach was realized by sequential deposition of copper and 
aluminum targets (at low bias voltages,-150V) and bombardment (at high bias 
voltages,-1000V) on the surfaces of aluminum and copper substrates, respectively. 
The possibility of surface alloying and the effects of the duration of the deposition-
bombardment stages of the CA-PVD approach on surfaces of pure copper, pure 
aluminum and aluminum alloys with high and low iron contents were investigated. In 
addition, the possibility of adjusting the composition and ratio of the intermetallics 
by tuning the durations of deposition and bombardment stages of the process was 
investigated. The experiments were carried out by limiting the temperature below 
500°C and without a temperature limitation. 
The above-mentioned CA-PVD technique was applied to pure aluminum substrates 
by using copper cathodes. According to XRD, SEM and EDS analyses, the surfaces 
of the substrates modified below 500°C consisted of intermetallic rich surface layers 
composed of α-Al, θ-Al2Cu and η2-AlCu phases. The types and amounts of those 
phases varied depending on the bombardment duration during the CA-PVD process.  
As the bombardment period was increased, the copper rich surface layer experienced 
successive solid-state transformations by taking aluminum continuously into its 
structure resulting in the formation of more Al-rich phases.  
The surface modification of pure aluminum substrates with copper plasma without a 
temperature limitation resulted in the formation of α-Al and θ-Al2Cu eutectic mixture 
at the modified surfaces of the substrates. A limited amount of hypereutectic 
microstructure was also formed in the vicinity of copper droplets.  
Similarly, surfaces of aluminum alloys with iron contents of 0.3 and 1 wt.% were 
modified with CA-PVD using copper cathodes. In the experiments conducted below 
500°C, the modified surfaces of both 0.3wt.% and 1.wt% Fe containing aluminum 
alloys were composed of intermetallic rich structures. XRD, SEM and EDS 
investigations showed that the modified surfaces of Al-0.3wt.% Fe substrates 
consisted of θ-Al2Cu and η2-AlCu intermetallic phases and α-Al, the types and 
amounts of which depended on the bombardment duration of the surface 
modification process.  Successive solid state transformations towards aluminum rich 
phases, due to the application of longer deposition durations, also took place during 
the surface modifications of Al-0.3wt.% Fe substrates. The modified surface of the 
Al-1wt.% Fe substrate consisted of θ-Al2Cu and ω-Al7Cu2Fe phases. The heating and 
enhanced diffusion effects during the bombardment stage of the CAPVD process led 
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to iron diffusion from bulk towards the surface resulting in the formation of ω-
Al7Cu2Fe phase.  
In the experiments conducted above 500oC, melting and resolidification of the 
copper deposited substrate surface took place at -1000V and -150V bias voltages, 
respectively. A eutectic-like microstructure, containing α-Al, θ-Al2Cu phases, and 
iron containing ternary structures were obtained. It was found that the enrichment of 
iron in the surface took place through the enhanced role of the process on the 
diffusion of iron from bulk to the surface.  
Finally, surfaces of high purity copper substrates were modified using aluminum 
plasma. In the experiment involving long total bombardment duration, the modified 
zone mainly consisted of a mixture of martensitic β1-AlCu3 and (Cu) solid solution, 
which was accompanied by γ1-Al4Cu9 intermetallic phase. However, in experiments 
that involved short total bombardment duration and higher amount of aluminum per 
cycle the modified surface predominantly consisted of γ1-Al4Cu9 intermetallic phase, 
accompanied with martensitic β1-AlCu3 at the substrate- modified zone interface.  
The mechanisms behind these modifications were extensively discussed within the 
light of physical metallurgical principles and the potential of this surface 
modification technique for surface alloying and for the production of intermetallic 
rich surfaces were shown.  
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ALUMİNYUM YÜZEYLERİN KATODİK ARK BAKIR VE BAKIR 
YÜZEYLERİN KATODİK ARK ALUMİNYUM PLAZMA KULLANILARAK 
ALAŞIMLANDIRILMASI 
ÖZET 
Bu çalışmada, taban malzeme yüzeylerinin katodik ark plazma kullanılarak modifiye 
edilmesini hedefleyen yeni bir fiziksel buhar biriktirme (FBB) yöntemi sunulmuş ve 
katodik ark plazmanın taban malzeme ile etkileşimleri, tabana uygulanan bias 
voltajın etkileri dikkate alınarak incelenmiştir. Bu yöntem, bakır ve aluminyum 
iyonlarının sırasıyla aluminyum ve bakır taban malzemeleri üzerine ardışık olarak 
kaplanması (düşük bias voltajında, 150V) ve bombardımanı (yüksek bias voltajında,-
1000V) ile gerçekleştirilmiştir. Bu teknik ile taban malzeme yüzeyini alaşımlandırma 
ihtimali ve kaplama-bombardıman aşamalarının bakır, aluminyum ve yüksek ve 
düşük demir içeren aluminyum alaşımları üzerindeki etkisi araştırılmıştır. Ek olarak, 
proses sırasında kaplama ve bombardıman sürelerini ayarlayarak yüzeyde oluşacak 
fazların kompozisyon ve oranlarının kontrol edilebilirliği araştırılmıştır. Deneyler, 
sıcaklık 500°C’nin altında tutularak ve herhangi bir sıcaklık sınırı uygulanmaksızın 
gerçekleştirilmiştir. 
Yukarıda bahsedilen KA-FBB tekniği saf aluminyum taban malzemeler üzerinde 
bakır katod kullanılarak denenmiştir. XRD, SEM ve EDS analizleri sonuçlarına göre, 
500°C’nin altında yapılan deneylerde taban malzemelerinin yüzeylerinde, α-Al, θ-
Al2Cu and η2-AlCu fazlarını içeren  intermetalikçe zengin yapılar oluşmuştur. Bu 
fazların çeşit ve miktarlarının yüzey işlemi sırasında uygulanan bombardıman 
süresine bağlı olarak farklılık gösterdikleri tespit edilmiştir. Bombardıman süresi 
uzadıkça, bakırca zengin yüzey katmanı aluminyum atomlarını yapısına alarak bir 
dizi katı hal dönüşümüne maruz kalmış ve sonuç olarak yüzeyde aluminyumca 
zengin fazlar oluşmuştur.  
Taban malzemesi olarak saf aluminyumun kullanıldığı ve sıcaklık sınırı 
uygulanmaksızın gerçekleştirilen deneylerde ise yüzeyde α-Al and θ-Al2Cu ötektik 
karışımı oluşmuştur. Ek olarak, bakır dropletlerin etrafında az miktarda hiper-ötektik 
ayrışmalar tespit edilmiştir. 
Ağırlıkça %0.3 ve %1 demir içeren aluminyum alaşımlarının yüzeyleri de bakır 
katod kullanılarak KA-FBB tekniği ile modifiye edilmiştir. 500°C’nin altında yapılan 
deneylerde, her iki taban malzemenin yüzeyinde de intermetalikçe zengin yapılar 
oluştuğu gözlemlenmiştir. XRD, SEM and EDS incelemeleri, ağırlıkça %0.3 demir 
içeren taban malzemesinin yüzeyinin, tür ve oranları uygulanan bombardıman 
süresine bağlı olarak değişen θ-Al2Cu, η2-AlCu ve α-Al fazlarından oluştuğunu 
göstermiştir. Bu deneylerde de, yukarıda bahsedilen uzun bombardıman süresinin yol 
açtığı katı hal dönüşümleri gerçekleşmiştir. Ağırlıkça %1 demir içeren taban 
malzemesinin yüzeyinde ise θ-Al2Cu and ω-Al7Cu2Fe fazlarının oluştuğu tespit 
edilmiştir. KA-FBB prosesinin bombardıman aşaması sırasında ortaya çıkan ısıtma 
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etkisi taban malzemenin halihazırda yapısında bulunan demirin yüzeye doğru 
yayınmasına ve dolayısıyla ω-Al7Cu2Fe fazının oluşmasına yol açmıştır.  
Ağırlıkça %0.3 ve %1 demir içeren aluminyum alaşımları üzerinde gerçekleştirilen 
ve herhangi bir sıcaklık kısıtlaması uygulanmayan deneylerde ise yüksek (-1000V) 
ve düşük (-150V) bias voltajı uygulandığında taban malzeme yüzeyleri sırasıyla 
erimiş ve katılaşmışlardır. Numune yüzeylerinde α-Al ve θ-Al2Cu fazlarını içeren 
ötektik benzeri yapılar ve demir içeren üçlü fazlar elde edilmiştir. Yüzey işlemi 
sırasındaki bombardıman etkisi yüzeyin erimesine ve tabanda bulunan demirin 
yüzeye doğru daha etkin yayınmasına yol açarak yüzeyde ciddi bir demir 
zenginleşmesine sebep olmuştur.  
Son olarak yüksek safiyetteki bakır taban malzemelerin yüzeyleri aluminyum plazma 
kullanılarak modifiye edilmiştir. Toplam bombardıman süresi uzun olan deneyde 
yüzeyde martensitik β1-AlCu3 yapısı ve (Cu) katı çözeltisi oluşmuştur. Bu fazlara ek 
olarak yapıda çok az miktarda γ1-Al4Cu9 intermetalik fazı da bulunmaktadır. Daha 
kısa toplam bombardıman süresi uygulandığında ve her döngüde numunenin üzerine 
kaplanan aluminyum miktarı arttırıldığında yüzeyde ağırlıklı olarak γ1-Al4Cu9 
intermetalik fazı oluşmuştur. Numune-modifiye edilmiş yüzey arayüzeyinde ise 
martensitik β1-AlCu3 fazının oluştuğu gözlemlenmiştir.  
Bahsedilen yüzey modifikasyonlarının oluşum temelindeki mekanizmalar, fiziksel 
metalurji prensipleri kullanılarak tartışılmış ve bu yüzey modifikasyon tekniğinin 
yüzey alaşımlandırma ve intermetalikçe zengin yüzey oluşturmadaki potansiyeli 
ortaya konmuştur. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
 
1.  INTRODUCTION 
Interdiffusion between two substances of different chemical natures gives rise to the 
formation of intermetallics [1]. The attractive combinations of properties like high 
melting point, low density, good oxidation and corrosion resistance make 
intermetallic compounds suitable for many applications. These include structural 
parts in aerospace and automotive industries, materials with interesting magnetic 
properties, batteries and hydrogen storage systems, heating elements, tools and dies, 
furnace hardware, piping for chemical industries, claddings and coatings for their 
corrosion resistance and electronic devices [2].   
Main intermetallic production methods include conventional melting and casting, 
rapid solidification, mechanical alloying, powder processing, self-propagation high 
temperature synthesis, laser ablation and physical vapor deposition [2-13]. 
Although extreme brittleness of the intermetallic phases retard the development 
activities for bulk material practical applications, their attractive combinations of 
properties make them  potential materials for thin film applications [14,15].  
There are many known routes to synthesize intermetallic coatings such as thermal 
spraying, plasma spraying and physical vapor deposition (PVD). Plasma spraying 
technique is suitable for industrial scale applications and has been widely used to 
synthesize intermetallic films. However, a plasma sprayed coating is not only 
composed of the deposited material, but also pores, cracks and oxides and generally a 
surface finishing process is necessary after the coating process. Therefore, PVD 
techniques [16] were preferred over the spraying techniques for intermetallic thin 
film production such as pulsed laser deposition [17], electron beam deposition [18-
20] and mostly magnetron sputtering [11,12]. Production routes of intermetallic thin 
films by PVD can be summarized in two groups. The first one involves PVD 
processes using composite targets [9,11,12,21,22]. Mostly the composition of the 
target corresponds to the desired composition of the film. The substrate may require 
annealing after the coating process in order to obtain intermetallic phases at the 
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surface. The second route for obtaining intermetallic thin films involves stacking of 
elemental multilayers using multiple pure targets [10,20,23]. After the coating 
process, the substrates should be annealed in order to obtain intermetallic phases at 
the surface. The necessity of further processing for synthesizing intermetallic rich 
coatings with the above-mentioned PVD techniques makes these techniques 
impractical and inefficient for growing intermetallic rich structures on real 
technological parts.  
Unlike other PVD processes that used layered growth and annealing for obtaining 
intermetallic phases on the surfaces of the substrates, we aimed, in this study, to use 
a new CA-PVD approach for the investigation of the possibility of surface alloying 
and intermetallic formation on the surfaces of various materials without the 
requirement of further processing. Therefore, it is suggested that the CA-PVD 
technique (based on a semi-industrial scale CA-PVD system) presented in this study 
for synthesizing intermetallic rich surfaces could directly be adapted to technological 
applications and larger scale production. 
More precisely, the aim of this study is to synthesize intermetallic or intermetallic 
rich thin films by modifying the surfaces of aluminum and copper substrates by CA-
PVD technique and, in turn, benefit from various advantages of the CA-PVD 
process. One important advantage of the cathodic arc process is the formation of a 
numerous quantity of multiply charged ions of the cathode material. This is in 
contrast to other physical vapor deposition techniques such as magnetron sputtering 
and electron beam evaporation where the depositing species forming the coating are 
primarily neutral atoms. In CAPVD processes, bombardment of the substrate 
surfaces with metal ions prior to the deposition process is a standard application for 
heating and sputter cleaning of the substrates. This is realized by applying a potential 
in the range of 800-1500 V (bias voltage) to the substrate. Biasing is more effective 
in CA-PVD compared to other PVD techniques due to the high degree of ionization 
of the arc plasma. Therefore, even the application of a moderate bias voltage to the 
substrate can cause the plasma ions to attain considerable kinetic energies [24,25]. 
During biasing, when incident ions with high kinetic energies strike the substrate, 
some of their kinetic energy will be transferred to the target atoms. Repeated 
occurrence of these collisions will eventually lead to enhanced atomic mixing and 
the formation of the collision cascades, which develops into a highly disrupted, very 
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hot region inside the solid substrate. The heating of the substrate by the effect of 
energetic ions may also lead to temperature dependent radiation enhanced diffusion 
processes [26]. 
Hence, within CAPVD process it is not only possible to create a highly ionized 
plasma and accelerate the ions to the surface of the substrate, but also to activate 
enhanced diffusion processes with the application of high bias voltage and the 
resulting heating effect.  
Considering the above stated biasing and the resulting surface heating and enhanced 
diffusion effects created during energetic metal ion bombardment; it is not unlikely 
to expect intermixing between the substrate and the coating materials or between 
individual coating layers by sequential application of this energetic ion bombardment 
and deposition steps of the CA-PVD process. This hypothesis was previously tested 
in Fe-Cr system in which a limited solubility region and immiscibility gap are 
present [27] and the potential of this technique on the substantial acceleration of the 
spinodal decomposition reaction was shown.  
In this study, this surface modification process based on CA-PVD was further 
developed and tested in three different alloy compositions:  
1. Pure Al-Cu: The possibility of surface alloying and intermetallic formation 
by the CA-PVD surface modification process was first tested on well-known 
Al-Cu system. Al and Cu in Al-Cu binary system has partial solid solubility 
in each other and the system offers a number of intermetallic phases with 
interesting properties [21,22,28] and well-defined crystallographic data, 
which make it a good candidate for testing the new surface modification 
approach. The CA-PVD based surface modification processes were realized 
by sequential deposition of copper (at low bias voltages) and bombardment 
(at high bias voltages) on surfaces of pure aluminum substrates.  
2. Al-Cu-Fe: The surfaces of aluminum substrates with low (~0.3wt.%) and 
high (~1wt.%) iron contents were modified by using CA copper plasma. The 
effects of the duration of the deposition-bombardment stages of the process 
and the iron contents of the samples on the structure and chemistry of the 
treated surfaces were investigated. Although characterization of the phases in 
ternary Al-Cu-Fe system is not as easy as the ones in the binary Al-Cu 
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system, the Al-rich side of Al-Cu-Fe system contain a ternary IQC phase with 
very interesting properties which make it a good candidate for thin film 
applications [14,15]. 
3. Pure Cu-Al: In this case, the CA-PVD surface modification processes were 
realized by sequential deposition and bombardment of aluminum on surfaces 
of high purity copper substrates. Modified surfaces of the substrates were 
expected to be consisted of Cu-rich phases. The introduction of aluminum to 
copper (5wt.%<Al<11wt.%) results in the formation of aluminum bronzes 
which possess promising properties like high hardness, improved tensile 
strength, high corrosion and wear resistance [29]. In addition, the 
intermetallic phase γ1-Al4Cu9 , which is one of the hardest and electrically 
resistant [28] intermetallic phase in Al-Cu system, is stable over a relatively 
wide compositional range (15-18wt.%Al). Therefore, considering their wide 
stability range and interesting combinations of properties, we aimed to 
synthesize (Cu) solid solution and γ1-Al4Cu9 intermetallic phases on the 
surfaces of high purity copper substrates by using the CA-PVD surface 
modification technique. 
Although the intermetallics in Al-Cu and Al-Cu-Fe system offer interesting 
properties, their application areas are rather limited due to the drawbacks of the 
present techniques mentioned above. However, the application fields of these 
intermetallics can be expanded by developing new surface modification techniques 
suitable for easier and larger scale production. 
In conclusion, in this study, it is suggested that, with the application of this CA-PVD 
surface modification approach, it would be possible to obtain hard intermetallic rich 
surfaces both in Al-Cu and Al-Cu-Fe systems and it would be possible to adjust the 
composition and ratio of the intermetallics with the application of proper process 
parameters. Furthermore, this technique can be rather easily adapted to technological 
processes by properly adjusting the deposition-bombardment durations and plasma 
density. 
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2.  CATHODIC ARC PLASMA AND CATHODIC ARC PHYSICAL VAPOR 
DEPOSITION  
PVD processes are deposition processes in which atoms or molecules of a material 
are vaporized from a solid or a liquid source, transported through a vacuum or low 
pressure gaseous environment and condense on the substrate. Elemental, alloy, 
compound and polymeric thin films could be synthesized by PVD. Typical 
thicknesses of the thin films obtained by PVD processes vary between nm to micron 
range. Basically, PVD processes are based on thermal evaporation, sputtering; the 
plasma enhanced versions of these techniques are named as ion plating. 
Arc PVD is basically a thermal evaporation technique that uses high current, low-
voltage power supplies. Arc is initiated on the target (cathode) with short circuiting 
as in welding processes. Normally, it is not expected to have a continuous arc 
process within the vacuum environment; however, the highly ionized initial plasma 
that forms during the short circuiting process creates a low resistance environment in 
the close vicinity of the target which leads to a continuously moving arc spot on the 
target. 
A moving arc on the cathode material gives rise to a small, highly energetic emitting 
area known as a cathode spot. Arc processes are fundamentally different than 
cathode processes of more moderate forms of discharges like glow or magnetron 
discharges. Current densities and associated power densities at cathode spots are 
extremely high. The typical currents involved in the process are in the order of 30-
300 A and the voltage between anode and cathode is only about 20-40 V. Current 
density is important in this process, because the current density distribution 
determines the power density distribution which, governs all processes of electron 
emission, phase transitions and plasma production. It is stated in the literature [30] 
that the current density and the associated power density of the cathode spot is in the 
order of 108 A/cm2 and 109 W/cm2, respectively. This power density is enough to 
transform the cathode material from solid to plasma phase in 10-100 ns. 
6 
 
The high current density arc moves on the solid cathode causing local heat and 
evaporation. The localized very high temperature (~15000 °C) at the cathode spot 
results in a high velocity (~104 m/s) evaporation or sublimation of the cathode 
material, leaving a crater behind on the cathode surface. The cathode spot is only 
active for a short period of time, and then it self-extinguishes and re-ignites in a new 
area close to the previous crater. This behavior causes the apparent motion of the arc. 
During cathodic arc discharges, metal plasma can readily be produced because of the 
extremely high power density. The metal plasma produced in the explosive phase 
(during the initial stage of arc formation) is fully ionized and often contains multiply 
charged ions [31-33]. The corresponding average kinetic energy of the evaporated 
material depends on the type of cathode (e.g. 19 eV for carbon and 160 eV for 
uranium) [34,35].  
Another form of cathode erosion of cathodic arcs is “macro-particles” [36-38]. These 
particles, which are liquid or solid debris particles that are produced at cathode spots, 
are highly unwanted features for the formation of high quality coatings. The macro-
particles are emitted during the explosion of asperities in the cathode spot from 
material, which is heated sufficiently to melt but not to sublimate. Jüttner [39] 
explained the macro-particle formation through the action of plasma pressure on the 
melted cathode material that is present between the dense plasma and the relatively 
cold cathode body. In addition, some of the ions from the plasma are attracted to the 
cathode. These two factors cause splattering of the molten cathode material leading 
to emission of droplets of various sizes (0.01-10µm) at a shallow angle to the 
cathode surface (Fig.2.1). Generally, cathodes of high melting point materials 
generate smaller and fewer droplets [40]. On the contrary, cathodes of low melting 
point material have a high macro-particle erosion rate which is reasonable because 
the volume of the melted zone between the dense spot plasma and the cathode bulk is 
relatively large [41]. Magnetically driven cathode spots (steered arc) produce fewer 
particles, which can be attributed to shorter interaction time of the dense plasma with 
the cathode material at the spot location [42]. A variety of filtering techniques is 
applied to filter macro-particles from the plasma in practical applications [43,44].  
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Figure 2.1: Schematic drawing of macro-particle generation. 
2.1 Application of Bias Voltage in CA-PVD Processes 
Cathodic arc plasma ions have a kinetic energy that is greater than the displacement 
energy of the substrate material and high enough for penetration of the ions under the 
substrate surface, i.e., sub-plantation [45,46]. Therefore, film growth occurs by 
deposition under the surface rather than on the surface.  
In arc-PVD deposition, bombardment of the substrate surfaces with metal ions prior 
to the deposition process is a standard application. This is realized by applying a 
potential in the range of 800-1500 V (bias voltage) to the substrate. The ions which 
had already gained kinetic energy at the cathode spot are further accelerated to higher 
energies by the increase of the bias voltage. This bombardment of the surfaces by the 
ions created through cathodic arc discharge and accelerated with the application of 
the bias voltage results in both heating and sputter cleaning of the substrates.  
Biasing is more effective in cathodic arc plasma deposition compared to other 
deposition techniques because of the arc plasma’s high degree of ionization. When 
the substrate is biased negatively relative to the plasma potential, a sheath adjacent to 
the substrate is formed. A positively charged metal ion with ion charge state number, 
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Q, arriving at the sheath edge with kinetic energy Ekin,0 will accelerate and arrive at 
the substrate surface with the kinetic energy,  
Ekin(Q,t)= Ekin,0 + Q e Vbias(t)                                                                                  (2.1) 
assuming that there are no collisions in the sheath. As can be seen from Equation 2.1, 
the energy gain for the ions is directly proportional to their charge state. Since 
cathodic arc plasmas contain multiply charged ions, application of a bias voltage of 
100 V can result in kinetic energies of more than 400-500 eV. [24,25].  During this 
bombardment, an energetic ion can be trapped on the surface, implanted, reflected, 
and/or undergo long range diffusion in the impact direction on the surface depending 
on the total energy of the ion and the surface condition of the substrate and may also 
cause the sputtering of the substrate and/or already deposited atoms [47,48]. 
2.2 Ion-Solid Interactions and Mixing Mechanisms During Cathodic Arc 
Plasma Treatment 
2.2.1 Ballistic mixing 
The interaction of an energetic ion with a solid substrate involves several processes. 
During the penetration of the ion into the solid, ion transfers energy to the atoms and 
electrons of the solid until it slows down and finally stops. During the nuclear 
collision, solid target atoms can be replaced from their positions and relocated 
several lattice sites away [26].  
2.2.2 Recoil mixing 
When an incident ion strikes a solid target, some of the incident ions kinetic energy 
will be transferred to the target atom. For high energy collisions, the target atoms 
recoil far from their initial location. When these single collision events occur 
repeatedly, the simplest form of ballistic mixing known as recoil implantation or 
recoil mixing takes place [26]. 
2.2.3 Cascade mixing 
Besides recoil mixing, it is also possible that an enhanced atomic mixing can occur 
such that a moving ion in solid substrate undergoes a number of elastic collisions 
with host atoms. Therefore, initial kinetic energy of the ion is partially transferred to 
host atoms (recoiling atoms), which leads to continuing knock-on-atom processes. 
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The multiple displacement sequence of collision events occurring in near proximity 
to each other is commonly called as a collision cascade [26]. Recoil mixing involves 
a highly direct implantation during which the target atom receives a large amount of 
ion’s initial kinetic energy. On the other hand, atoms in the collision cascade 
experience multiple low–energy displacement and relocation events. These events 
results in an atomic mixing which is commonly called as cascade mixing.  
2.2.4 Thermal spikes 
The cascade develops into a formation of a highly disrupted, very hot, region inside 
the solid substrate. This phenomenon is known as a "thermal spike" which results in 
a temporary increase in local surface temperature. Thermal spike can also be 
expressed as the short term local melting of the implantation affected region. 
Molecular dynamic simulation studies have shown that the cascade temperatures 
may increase up to the melting point of metals, such as copper [49,50]. This transient 
thermal spike can induce local atomic rearrangement [47,48]. 
Anders [51] stated that, the ions arriving at the surface carry both kinetic and 
potential energy which can have a significant effect on the local heating of the 
substrate which can affect the properties of the growing structure. The potential 
energy of ions includes the excitation energy of bound electrons, the (cumulative) 
ionization energy and the cohesive energy. The contribution of the excitation energy 
to heating is small and it can be neglected. When the arriving ion becomes 
incorporated in a growing film, the cohesive energy becomes available. It is defined 
as the energy needed to remove an atom from its bulk position in the solid to an 
infinitely distant position. The cohesive energy ranges from 1.5 eV to 8.9 eV The 
largest contribution to the potential energy is the ionization energy, EQ, which is 
defined as the energy needed to remove a bound electron from an ion of charge state 
Q, forming an ion of charge state Q+1. Hence, total energy of the ion arriving 
substrate surface is approximately the sum of kinetic energy and the ionization 
energy [51]. 
E(Q) ≈ Ekin(Q) + ∑ EQ                                                                                           (2.2) 
It should be noted that for multiple charged ions, each ionization step should be taken 
into account. The cumulative ionization energies are the most relevant of all potential 
energies and can reach large values for multiply charged ions, e.g. 151 eV for W5+. 
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2.2.5 Radiation enhanced diffusion 
The heating of the materials by energetic ions may also lead to radiation enhanced 
diffusion come into action. This temperature dependent mechanism results in the 
diffusion of defects, mainly vacancies and interstitials. Radiation enhanced diffusion 
is characterized by a diffusion coefficient that depends on defect concentration, 
defect mobility and sink concentration [52,53]. Ion mixing is dominated by defect 
generation within the collision cascade. For each system, this mechanism becomes 
more effective above a critical temperature [54,55].  
2.2.6 Sputtering 
As already mentioned, higher energy impacts may also cause sputtering of the 
substrate and/or already deposited atoms [47,48,56]. Following the momentum 
transfer from energetic ions and resulting multiple collisions in the collision cascade, 
some momentum can be transferred back towards the surface. If the corresponding 
energy is greater than the cohesive energy of the surface atom, it can be physically 
ejected from the surface.  
The ballistic interactions of an energetic ion with a solid (sputtering at the surface, 
single ion single atom recoil events, formation of a collision cascade and ion 
implantation) are illustrated below (Fig.2.2) [26].  
 
 
Figure 2.2: The ballistic interactions of an energetic ion with a solid. 
Energy deposition during ion-solid collisions results in some specific processes 
which may lead to some structural changes. During high energy ion bombardment, 
effective temperatures of 103-104 K can be reached [54] and very high quenching 
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rates of 1014 and 1016 K/s can be obtained. Therefore, final features may not exhibit 
the characteristics of thermodynamic equilibrium. Formation of some phases by 
conventional techniques like casting, powder processing and some phases that need 
long-term heat treatments could also be expected. 
Hence, considering the above stated surface heating, mixing and enhanced diffusion 
effects created during energetic metal ion bombardment, intermixing between the 
substrate and the coating materials or between individual coating layers are strongly 
probable by application of energetic ion bombardment during CA-PVD processes. 
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3.  ALUMINUM-COPPER SYSTEM 
The Al-Cu system has been a focus of scientific and technological interest over 
decades. The system is theoretically interesting because of its unresolved phases [57-
59], microstructural characteristics depending on cooling rates [60,61] and applied 
magnetic and electrical fields during solidification [62,63], martensitic and massive 
transformations [64] and metastable Guinier Preston zones [21,65-68]. Al-Cu alloys 
are used as interconnects in integrated circuits because of their high conductivity and 
their acceptable processing properties [21] and they could be employed in semi-
conductor devices [23]. Cu-based aluminum alloys are used as engineering materials 
because of their high electrical and thermal conductivity, corrosion resistance and 
easy formability. 
Al-Cu is a complex system which contains many phases and invariant 
transformations, most of which exists in the Cu-rich side of the binary phase diagram 
[69]. Al-rich portion of the Al-Cu phase diagram can be investigated under three 
compositional groups; aluminum rich compositions, intermediate compositions and 
copper rich compositions. 
3.1 Aluminum Rich (0<at.%Cu<40) Part of the Al-Cu Binary Phase Diagram 
The aluminum rich part of the phase diagram consists of three phases which are 
liquid, α-Al solid solution and θ-Al2Cu (Fig.3.1). The melting point of pure 
aluminum is ~660°C. Liquid phase transforms into α-Al and θ-Al2Cu phases through 
the eutectic reaction L→α+θ which occurs at 548.2°C (Table 3.1). The maximum 
solubility of Cu in Al is 2.48 at.% at the eutectic temperature. θ-Al2Cu crystallizes by 
the peritectic reaction L+η1→θ at 591°C. The composition range of θ-Al2Cu is 31.9-
32.9 at.% at the eutectic temperature.  
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Figure 3.1: The aluminum rich part of the Al-Cu binary phase diagram [69]. 
Table 3.1: List of invariant reactions, compositions of the involved phases, 
temperatures at which the reactions occur and the type of the reactions 
at Al-rich side of Al-Cu binary phase diagram. 
Invariant 
Reaction 
Compositions of the phases (at.%Cu) 
(in order of appearence 
in the invariant reaction) 
Temperature 
(°C) 
Reaction 
Type 
      
L→(Al) - 0 - 660.45 - 
L→(Al)+θ 17.1 2.48 31.9 548.2 Eutectic 
L+η1→θ 32.2 49.8 32.8 591 Peritectic 
      
Depending on the alloy composition, several types of microstructures can be 
obtained as a result of equilibrium solidification of Al-Cu alloys, which belong to the 
binary eutectic system.  
The first case is for compositions ranging between the maximum solid solubility of 
Al at room temperature (~0 at.%Cu) and the maximum solid solubility at the eutectic 
temperature (~2.48 at.%Cu). As an alloy of composition A (0 at.%Cu>A>2.48 
at.%Cu)  is cooled slowly from 680°C to room temperature, alloy remains liquid 
until the liquidus line is crossed. Between the liquidus and solidus (L+α region), α-Al 
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begins to form. Solidification is completed as the solidus line is crossed. Above the 
solvus, the entire microstructure consists of α-Al. Further cooling results in the 
formation of small θ-Al2Cu particles upon crossing the solvus line. Therefore, the 
resulting microstructure consists of α-Al grains and small θ-Al2Cu particles. 
The second case is the solidification of the Al-Cu alloy having the exact eutectic 
composition (17.1 at%Cu). As an alloy with this composition is slowly cooled from 
550°C to room temperature, the liquid phase transforms into α-Al and θ-Al2Cu 
phases through the eutectic reaction at ~548°C. The final microstructure consists of a 
eutectic mixture of α-Al and θ-Al2Cu phases, which are dark and light colored phases 
in the SEM micrograph, respectively (Fig.3.2). It was reported in earlier work that 
independent nucleation and growth of the two separate eutectic phases resulted in the 
formation of anomalous eutectic structures (denoted by A in Fig.3.2). On the other 
hand, in lamellar eutectic the two phases grew simultaneously (denoted by B in 
Fig.3.2) [70].  
 
Figure 3.2: SEM micrograph showing the anomalous (denoted by A) and the 
lamellar (denoted by B) Al2Cu–α-Al eutectic regions in the eutectic 
alloy furnace-cooled from 1000◦C [70]. 
Another compositional range that should be considered is between the maximum 
solid solubility of Cu in Al at the eutectic composition (2.48 at.%Cu) and the eutectic 
composition (17.1 at.%Cu). As an Al-Cu alloy, the composition of which is between 
2.48 and 17.1 at.%Cu, is solidified under equilibrium conditions, primary α-Al is 
formed upon crossing the liquidus line. The rest of the liquid transforms into lamellar 
B 
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eutectic structure. Therefore, the resulting microstructure consists of primary 
(proeutectic) α-Al (denoted by A) and eutectic mixture of α-Al and θ-Al2Cu (denoted 
by B) (Fig.3.3).  
 
Figure 3.3: SEM image of a hypoeutectic Al-Cu alloy solidified with a cooling rate 
of 0.8°C/seconds [71]. 
The final case is for hypereutectic compositions ranging between the eutectic 
composition (17.1 at.%Cu) and the composition of (α+θ)/θ boundry at the eutectic 
temperature (32at.%Cu). The microstructural transformations during slow cooling 
from the liquid phase are similar to those that occur during the equilibrium 
solidification of hypoeutectic alloys. Upon crossing the liquidus line, primary θ-
Al2Cu is formed. Further cooling leads to the formation of lamellar eutectic mixture 
through the eutectic reaction at ~548°C. Final microstructure consists of primary 
(proeutectic) θ-Al2Cu and eutectic mixture of α-Al and θ-Al2Cu, which are marked 
as “A” and “B” in the SEM micrograph, respectively (Fig.3.4). 
A 
B
50 µm 
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Figure 3.4: SEM image of a hypereutectic Al-Cu alloy solidified with a cooling rate 
of 0.8°C/seconds [71]. 
3.2 Intermediate Composition Range (40<at.%Cu<68) in the Al-Cu Binary 
Phase Diagram 
There are numerous invariant reactions at the intermediate composition range in Al-
Cu binary phase diagram (Fig.3.5 and Table 3.2). The phase relations of the system 
are not yet completely clarified and the structures of some phases, especially ζ1 and 
ζ2, existing in the composition range of 55<at.%Cu<60 are still unresolved [1,58,59].  
Intermetallic compounds over the intermediate composition range such as γ1-Al4Cu9 
phase are very hard and brittle. In addition, the electrical resistivities of these 
intermetallic phases are appreciably higher than those of the starting components, 
that is, Al and Cu [28]. 
A
B 
B
50 µm 
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Figure 3.5: The intermediate composition range of Al-Cu binary phase diagram [69]. 
Table 3.2: List of invariant reactions, compositions of the involved phases, 
temperatures at which the reactions occur and the type of the reactions 
over the intermediate composition ranges in Al-Cu binary phase 
diagram. 
Invariant 
Reaction 
Compositions of the phases (at.%Cu) 
(in order of appearence 
in the invariant reaction) 
Temperature 
(°C) 
Reaction 
Type 
      
η1→η2+ζ2 ~52.3 ~52.3 55.25 560 Eutectoid 
ε2+η1→ζ1 56.5 52.4 56.2 590 Peritectoid 
η1+θ→η2 49.8 33 49.8 563 Peritectoid 
ζ1+η1→ζ2 55.2 52.3 55.2 570 Peritectoid 
ζ1→ζ2+δ ~59.8 56.3 ~59.8 530 Eutectoid 
ε2→ζ1+δ 57.9 56.9 59.3 560 Eutectoid 
L+ε2→η1 36.3 55 51.8 624 Peritectic 
ε1+L→ε2 ~59.4 52.2 ~59.4 848 Eutectic 
ε1+γ1→ε2 ~61.1 62.5 ~61.1 850 Peritectoid 
γ1+ε2→δ 62.8 59.2 61.9 686 Peritectoid 
γ0+ε1→γ1 66 61.4 63.9 873 Peritectoid 
γ0+ L→ ε1 59.8 62.9 62.1 958 Peritectic 
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3.3 Copper Rich (68<at.%Cu<100) Part of the Al-Cu Binary Phase Diagram 
Cu-rich side of the Al-Cu phase diagram, considering the intermediate temperature 
range between 300°C and 700°C, involves a eutectoid reaction through which β-
AlCu3 phase transforms into α-Cu solid solution and γ1-Al4Cu9 at ~567°C (Fig.3.6 
and Table 3.3). β-AlCu3 phase can also be retained metastably due to the 
sluggishness of the eutectoid reaction [69]. At about 500°C, BCC β phase orders to 
β1 (DO3) structure. Metastable  three-phase equilibria of β and β1 with (Cu) and γ1 
have also been examined: β→β1+(Cu) and  β+ γ1→β1. During quenching, metastable 
β alloys undergo a martensitic transformation and the ordering reaction β→β1 
precedes the martensitic transformation [69]. 
Among the Cu rich structures, aluminum bronzes have been technological and 
scientific interest over years. Aluminum bronzes possess promising properties like 
high hardness, improved tensile strength, high corrosion and wear resistance [29]. 
However, the solidification of aluminum bronzes occurs over a very narrow range of 
temperature. Therefore, an industrial application has been restrained by the complex 
nature of the process [29]. Conventional sand casting techniques are not feasible 
methods to fabricate aluminum bronzes [72]. The eutectoid reaction, which occurs at 
~567°C with slow rates of cooling, results in the transformation of β phase into (Cu) 
and γ1 phases. This phenomenon in aluminum bronze production is known as “self 
annealing” and can cause embrittlement [73]. In order to avoid the formation of the 
γ1 phase, higher rates of cooling should be provided. 
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Figure 3.6: The copper rich part of the Al-Cu binary phase diagram [69]. 
Table 3.3: List of invariant reactions, compositions of the involved phases, 
temperatures at which the reactions occur and the type of the reactions 
at the Cu-rich side of Al-Cu binary phase diagram. 
Invariant 
Reaction 
Compositions of the phases (at.%Cu) 
(in order of appearence 
in the invariant reaction) 
Temperature 
(°C) 
Reaction 
Type 
      
L→β - 75 - 1049 Congruent 
L+β0→γ0 66.1 67.6 67.4 1022 Peritectic 
γ1+(Cu)→α2 69 ~80.3 77.25 363 Peritectoid 
β0→β+γ0 70 70.6 68.5 964 Eutectoid 
L+β→β0 69.2 70.9 70.2 1037 Peritectic 
β→(Cu)+γ1 76.1 80.3 69 567 Eutectoid 
L→(Cu)+β 83 84.4 82 1032 Eutectic 
L→(Cu) - 100 - 1084.87 - 
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3.4 Synthesis of Al-Cu Thin Films  
Production routes of Al-Cu thin films can be considered in several groups. The first 
group involves PVD processes using composite targets the compositions of which 
correspond to the composition of the film. In this technique, the substrate may 
require annealing after the coating process in order to obtain intermetallic phases at 
the surface. Al–Cu films of 500 nm thickness were deposited on (100) silicon wafers 
by magnetron sputtering at temperatures lower than 90°C [21]. Microstructural 
analysis of annealed (at 500°C) substrates showed that θ-Al2Cu second-phase 
particles were formed in the films after cooling slowly from the annealing 
temperature. Draissia, et.al. [22] reported the formation of β-AlCu3 intermetallic 
phase accompanied by Al and Cu phases at the surface of glass substrates. The 
coatings were deposited cathodic radio-frequency (13.56 MHz) magnetron sputtering 
from composite targets at an argon plasma gas pressure of 0.7 Pa and temperature 
substrate which did not exceed 127°C. The substrates were not annealed after the 
coating process.  
Another production route for obtaining Al-Cu thin films involves stacking of 
elemental multilayers using multiple pure targets. After the coating process, the 
substrates should be annealed in order to obtain intermetallic phases at the surface. 
Al on Cu bilayer samples (Al/Cu) were prepared by sequential Cu (100 nm) and Al 
(282 nm) deposition using electron-beam evaporation of 99.9999% pure Cu and Al, 
respectively, in a vacuum chamber (10-6 Torr) [74]. The films were grown on a 
thermally oxidized Si (100) substrate at ambient temperature. The bilayer sample 
was melted at 580°C for 10 minutes in vacuum, followed by cooling for 
resolidification at ~10°C/s. Pure θ-Al2Cu have been fabricated by melting and 
resolidifying Al/Cu bilayers capped with an air-formed Al2O3 layer. According to 
another study, trilayers, Al/Cu/Al and Cu/Al/Cu with individual layer thickness of 
about 10 nm, were prepared by ion beam sputtering (IBS) deposition onto 
electropolished tungsten tips [23]. The first reaction product, θ-Al2Cu, at the 
interfaces was detected after annealing of the substrate at 110°C for 5 minutes.    
Recently, θ-Al2Cu/α-Al composite coating having good metallurgical bonding with 
the substrate was successfully prepared on the surface of Al with Cu powders by 
plasma surface metallurgy [75]. Pure Cu powders with average grain size of 5 µm 
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were pasted on the surface of Al about 3 mm thick with organic binder bond before 
the plasma surface treatment. The working current and the scanning rate of the 
plasma torch during the process were 250 A and 500 mm/min, respectively.  During 
the process, Cu powders, absorbing a large amount of heat, were melted fast and 
passed some heat to the substrate, which heated the surface of the substrate to 
melting state. After the plasma beam moved forward, the melted pool was in non-
equilibrium and fast solidified under the double cooling function of the matrix and 
the air.   
In order to produce aluminum bronze coatings (Cu-based aluminum alloys), a low 
pressure plasma spraying technique was employed [76]. The aluminum bronze 
powder Amperit-269.5 consisting of 40–60 mm particles with nominal chemical 
composition 90 wt.%Cu and 10 wt.%Al, was used. The films, which were ~300µm 
thick, were synthesized by employing a 2mm pitch, 20 m/min spray speed coupled 
with an 8mm diameter spray nozzle on steel substrates (SS400). The results indicated 
that under optimum operating conditions, the test samples exhibit a dense 
microstructure with high hardness, low coefficient of friction and high wear 
resistance. According to a study by Liang et.al. [77], successful aluminum bronze 
multi-layer coatings could be prepared by an hollow cathode discharge ion plating 
process with a slug feeding mechanism, the thickness of the coating being 
approximately 20 µm. Both substrates and coating materials were QAL10-4-4 
aluminum bronzes including Ni and Fe. During deposition, the operating argon 
pressure, the power of the electron gun  and the substrate temperature was kept at 
0.26 Pa, 10 kW and 300°C, respectively. A bias voltage of approximately -40 V was 
applied to the substrates. There was more γ1-Cu9Al4 and β-NiAl phase in the coating 
than in the bulk material. 
Hence, the production routes for obtaining intermetallic thin films involved 
magnetron sputtering and electron beam evaporation, but CA-PVD technique have 
not been employed for this purpose.  
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4.  ALUMINUM-COPPER-IRON SYSTEM 
Al-Cu-Fe system has become the subject of intense study after the discovery of 
icosahedral quasicrystalline (IQC) phase by Bradley and Goldschmidt [78]. The 
existence of a stable single Al-Cu-Fe IQC phase has been reported for the first time 
by Tsai et al. [79].  
In conventional crystals the atoms are located repeatedly and periodically throughout 
the whole structure. Crystals have positional and orientational order. The 
orientational order can be characterized in terms of a rotational symmetry. A special 
set of discrete rotations leaves the orientations of the unit cells unchanged. According 
to the well established theorems of crystallography, only 2-fold, 3-fold, 4-fold and 6-
fold rotational symmetries are possible for crystals [80]. In quasicrystalline materials, 
a repeating periodicity in atom arrangement exist together with rotational 5, 8, 10 and 
12 fold symmetries forbidden for crystals. When these rotational symmetries are 
considered, the corresponding structural units would be icosahedral, octagonal, 
decagonal and dodecagonal, respectively [81,82]. 
The reason for the interest in quasicrystalline phases stems from the exceptional 
structure and properties of quasicrystalline materials. They are not only interesting 
theoretically, but also for their low electrical and thermal conductivity, interesting 
optical properties, low coefficient of friction, high hardness, etc. Upto now, 
quasicrystalline alloys have been produced based on aluminum, copper, gallium, 
magnesium, nickel, tantalum, titanium, zinc and zirconium. Among all these alloy 
systems, IQC Al-Cu-Fe phase, which belongs to the aluminum rich part of the Al-
Cu-Fe ternary phase diagram, is interesting because of its non-toxicity, easy 
availability and favorable cost.  
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4.1 Aluminum Rich Part of Al-Cu-Fe Ternary Phase Diagram  
Al-Cu-Fe system is a complex system with numerous intermetallic phases and 
invariant transformations. Al-Cu-Fe IQC phase is located in the Al-rich portion of 
the Al-Cu-Fe ternary phase diagram [78] where several invariant transformations, 
involving a liquid phase, take place between 540°C and 750°C [83]. 
 
Figure 4.1: The aluminum rich portion of aluminum-copper-iron ternary phase 
diagram [78]. 
 
 
 
 
 
 
 
 
 
25 
 
Table 4.1: Invariant transformations from liquid phase taking place between 540°C 
and 750°C in Al-Cu-Fe system. 
Invariant Reaction Temperature (°C) 
  
L→α(Al)+ω(Al7Cu2Fe)+θ(Al2Cu) 542 
L→ω+η(AlCu)+θ ~565 
L→ω+θ 588 
L+τ1(Al23CuFe4)→ω+α 590 
L+ β(FeAl) → ω + η1 ~595 
L+ λ(Al13Fe4)→ τ1+ α 620 
L+ λ→ τ1 + ω 622 
L+ ε2(Al-Cu)→β + η1 ~622 
L+λ→τ1 626 
L+ IQC→β + ω ~695 
L+λ→IQC + ω ~740 
L+λ→ ω ~750 
L+β+ λ→IQC 882 
 
According to the pseudobinary phase diagram of the Al-rich side of Al-Cu-Fe 
proposed by Faudot [84], the compositional stability range of IQC phase (denoted by 
i in Fig.4.2) is between ~24-26 at.% Cu and 12-13 at.% Fe upto ~740°C. For lower 
Cu (20-24at.%) and Fe (10-12at.%) concentrations, ω-ICQ phase mixture is stable. 
On the other hand, β-IQC phase mixture is stable over higher Cu (26-28at.%) and Fe 
(13-14at.%) concentrations. 
 
Figure 4.2: Pseudo-binary Al–Cu–Fe phase diagram in the range of compositions of 
the IQC phase (i) between ω-Al7Cu2Fe and Al58Cu28Fe14 [84]. 
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4.2 Synthesis of Al-Cu-Fe Quasicrystal Phase  
Quasicrystals can be formed through rapid solidification [85], crystallization of melt-
quenched amorphous ribbons [86], mechanical alloying [87-92] and conventional 
solidification [93-96]. 
Many investigations have been focused on the solidification behaviour of Al–Cu–Fe 
alloys, and a peritectic reaction has been suggested as the formation mechanism of 
IQC phase [97-99]. It is reported in the literature that this peritectic reaction takes 
place between β1-AlFe3 phase and the liquid [78]; between λ-Al13Fe4, β-AlFe(Cu) 
and the liquid at 860°C [84]; between λ-Al3Fe and the liquid at 820°C [100]. After 
peritectic reaction takes place, crystalline phases may co-exist with the IQC phase 
and stable single-phase quasicrystals can be obtained by successive heat treatment 
[101,102].  
The complex multiphase solidification structures of these alloys together with 
extreme brittleness retard the development activities for practical applications. 
However, their physical and mechanical properties are remarkable and place them as 
potential materials for thin film applications such as non-stick coatings for cookware 
to thermal barrier coatings for automotive and aerospace industry [14,15].  
4.3 Synthesis of Al-Cu-Fe Quasicrystal Thin Films  
Bulk Al-Cu-Fe IQC phase have been studied extensively in the literature; however, 
research in thin film applications are at initial stage.  
Plasma spray techniques have been used widely to synthesize quasicrystalline films 
[103]. However, the technique has some problems due to porosity and the need for 
surface finishing. Therefore, physical vapor deposition techniques were employed for 
the production of quasicrystalline films. The production routes of IQC Al-Cu-Fe thin 
films by physical vapor deposition are similar to those of Al-Cu system (Section 3.4) 
and can be considered in two groups.  
In the first production route, composition of the composite target corresponds to the 
desired composition of the film. After the coating process, the substrate should be 
annealed in order to obtain IQC phase. Several studies, which have employed this 
technique, are presented in the following paragraphs. 
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Kanjilal et.al. [9] reported that IQC phase is attainable by thermal vapor deposition 
technique (electron beam heating) from a single source on quartz substrates. As the 
deposited films were amorphous, an annealing process was necessary after the 
coating process. IQC phase was identified in the films after annealing at 500°C for 1 
hour along with λ-Al13Fe4, ω-Al7Cu2Fe, Al23CuFe4. λ and ω phases completely 
disappeared after annealing at 700°C for 1 hour.  
Al-Cu-Fe films were fabricated using an RF triode magnetron sputtering technique 
on 304 stainless steel substrates [11]. As-sputtered films had an amorphous structure. 
IQC Al65Cu20Fe15 phase was obtained after annealing at 750°C for 2 hours. 
Daniels et.al. [12] managed to obtain Al-Cu-Fe IQC phase by magnetron sputtering 
on alumina substrates. Amorphous films were annealed at 450°C for 10 hours and 
850°C for 5 hours. As a result of the annealing processes, rhombohedral and 
icosahedral approximant phases were obtained, respectively.  
The second production route for synthesizing IQC thin films by PVD involves the 
deposition of stacks of elemental layers of pure constituents, namely aluminum, 
copper and iron. A post annealing process is necessary for the formation of IQC 
phases. 
For example, elemental multilayers were deposited at room temperature on polished 
sapphire substrates by high vacuum electron beam evaporation [10]. Triple 
sandwiches corresponding to IQC-Al62.5Cu25Fe12.5 composition consisted of Al (2100 
Å), Cu (600 Å), and Fe (300 Å), were deposited such as Al/Cu/Fe, Al/Fe/Cu and 
Fe/Al/Cu. Then the specimens were heat treated between 115°C and 700°C for 10 
hours under He atmosphere. It was possible to obtain thin films containing IQC 
phase regardless of the stacking sequence. It was proposed that as the annealing 
temperature was increased from 115°C to 700°C, the phases were formed in the 
following order: θ-Al2Cu, AlCu3, AlCu, λ-Al13Fe4, β-AlFe(Cu), ω-Al7Cu2Fe and Al-
Cu-Fe IQC phase. As long as multilayers are annealed up to 600°C at least, the pure 
QC is obtained, whatever the stack sequence and with quite thick elemental layers. 
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5.  PROPERTIES OF INTERMETALLICS IN Al-Cu AND Al-Cu-Fe 
SYSTEMS 
5.1. Properties of Al-Cu Intermetallic Phases  
Al-Cu alloys are used as interconnects in integrated circuits because of their high 
conductivity and their acceptable processing properties [21] and they are employed 
as metallization materials in semi-conductor devices [23]. However, as stated in the 
introduction section the application fields of these intermetallics can be expanded by 
developing new surface techniques suitable for easier and larger scale production.  
Al-based and Al–alloy-based metal matrix composites have been widely used in 
automobile and aerospace industries [104,105]. For this purpose, intermetallic 
compounds at the Al-rich side of the Al-Cu binary phase diagram, θ-Al2Cu and η2-
AlCu can be used to reinforce the Al matrix [70]. Al rich compositions in Al-Cu 
system were selected for in-situ reaction techniques, because Cu is one of the few 
elements that have relatively high solubility in Al. Thus, the sintered Al–Cu product 
has an Al(Cu) solid solution matrix that is mechanically tougher than a pure Al 
matrix. The hardnesses of θ-Al2Cu and η2-AlCu were reported as ~650HV and 
~1000HV [28]. 
Intermetallic compounds over the intermediate composition range are very hard and 
brittle. Rabkin et.al. [28] reported that the microhardnesses of the compounds of 
intermediate composition, which are stable at room temperature, ranges from 500 to 
1150HV. The hardest intermetallic phase among them is γ1-Al4Cu9 phase with a 
microhardness value of ~1150HV. In addition, the electrical resistivities of these 
intermetallic phases are appreciably higher than those of the starting components 
[28]. The intermetallic compound with the highest electrical resistivity (~0,25 Ω-
mm2/m) is δ-Al2Cu3 which is followed by γ1-Al4Cu9 phase with an electrical 
resistivity value of ~0,17 Ω-mm2/m.  
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5.2. Properties of Cu-Al Structures (Aluminum Bronzes)  
Among the Cu rich structures, aluminum bronzes have been the focus of 
technological and scientific interest over years. A variety of aluminum bronzes of 
different compositions, ranging from 5wt.%<Al<11wt.% (remaining being copper) 
have been used in industry.  Other alloying elements such as iron, nickel, manganese 
and silicon are sometimes added to aluminum bronzes in order to improve their 
properties. Aluminum bronzes possess promising properties like high hardness, 
improved tensile strength, high corrosion and wear resistance [29].  
These alloys are tarnish-resistant and show low rates of corrosion in atmospheric 
conditions and low oxidation rates at high temperatures. They exhibit low reactivity 
with sulfurous compounds and other exhaust products of combustion. They are also 
resistant to corrosion in marine environments. The aluminum component of 
aluminum bronzes reacts with atmospheric oxygen to form a thin, tough surface layer 
of aluminum oxide which acts as a barrier to corrosion of the copper-rich alloy.  
Their biostatic effect is another notable property of aluminum bronzes. The copper 
component of the alloy prevents colonization by marine organisms including algae, 
lichens, barnacles, and mussels.  
Aluminum bronzes are most commonly used in applications where their resistance to 
corrosion makes them preferable to other engineering materials. These applications 
include bushings and landing gear components on aircraft, engine components for 
seagoing ships, underwater fastenings in naval architecture, and ship propellers. 
Aluminum bronzes are also used in jewelry due to their attractive gold-toned 
coloration [106].  
5.3. Properties of Al-Cu-Fe IQC Phase 
The electrical resistivities of Al-Cu-Fe IQC structures are generally larger than those 
of crystalline materials [107,108]. Similar to semiconductors, in quasicrystals, there 
exists an energy gap between the valance and conduction bands. Therefore this high 
electrical resistivity obtained in quasicrystalline structure is attributed to this energy 
gap [109]. Thermal conductivity of quasicrystals is generally lower than the 
crystalline metallic materials and is comparable with that of oxides that are insulators 
[110]. The linear thermal expansion is higher than iron and steel, but lower than that 
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of aluminum [110]. Al-Cu-Fe IQC alloys can be used as catalysts in steam reforming 
of methanol [111]. Besides chemical catalysis, the temperature dependent electrical 
conductivity of IQC Al-Fe-Cu alloys may become useful for thermometry and heat 
flow detection [112].  
The optical conductivity of Al-Cu Fe quasicrystals were found to increase linearly 
with increasing frequency [113]. This property can make these materials candidates 
for selective absorber applications [81]. For example, Al–Cu–Fe IQC thin films can 
be used as selective absorbers in solar thermal applications due to their good solar 
absorbance of 90% and good optical properties [114].  
If the phase purity and surface preparation are adequate, the surface energy of Al-Cu-
Fe IQC is very close to that of teflon [16]. In addition to that, Al-Cu-Fe IQC phase 
has a friction coefficient of approximately 0.12 which is nearly one third of that of 
commercial low carbon steel [115].  
High hardness, high wear resistance and low friction coefficient makes Al-Cu-Fe 
quasicrystals good candidates for coating materials. Accordingly, a commercial 
application, which is a cookware surface coating named Cybernox®, has emerged 
[116]. The coating is an Al–Cu–Fe–Cr alloy deposited as a thin coating by thermal 
spraying techniques. Their high hardness and low friction coefficient properties can 
be used in cylinder liner and piston coating applications in engines [81]. 
Formation of a protective aluminum oxide film on the surface supports their usage in 
corrosion resistant coating applications. The biocompatibility and good surface 
properties is a very promising property combination for surgical applications. IQC 
Al-Cu-Fe can be coated on metallic parts which are employed for bone repair and 
prostheses [81]. 
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6.  EXPERIMENTAL PROCEDURE 
6.1 Surface Modification by CA-PVD 
The surface modification processes were applied to pure aluminum, Al-0.3wt.%Fe 
alloy and Al-1wt.%Fe alloy by using cathodic arc copper plasma; and to high purity 
copper substrates  by using cathodic arc aluminum plasma. 
6.1.1 Surface modification by using Cu plasma produced with CA-PVD  
99.99 wt% pure aluminum, commercial grade 1050 and 8079 aluminum alloys were 
used as substrate materials (Table 6.1). The dimensions of the substrates were as 
follows; high purity aluminum: 1.5cmx5cmx0.3cm; 1050 and 8079 aluminum: 
5cmx5cmx0,55cm. All of the aluminum substrates were etched with 10 wt% NaOH 
for 3 minutes and desmutted by 10 vol% HNO3. Just prior to the surface modification 
process, all substrates were cleaned ultrasonically in acetone for 10 minutes at room 
temperature.  
The CA-PVD proces was realized using a cathodic arc PVD unit (Novatec-SIE, 
Model: NVT-12) equipped with programmable bias power supply. Copper cathodes 
were prepared from electrolytic copper. Samples were fixed to a specimen holder and 
placed in front of the cathode (Fig.6.1). The distance between the cathode and the 
substrate was 30cm. No preheating was applied to the substrates.  -150 V deposition 
and -1000 V bombardment bias voltages were successively applied to the specimens. 
During surface treatment processes, the surface temperatures of the substrates were 
measured by optical pyrometer. The surface modification processes were applied 
below 500°C and without a temperature limitation. In order to imply the temperature 
restriction, the process was stopped immediately when the substrate temperature 
reached to 500°C. It was started again after cooling down of the substrate in vacuum 
environment. 
The effects of the duration of the deposition and bombardment stages of the process 
and the iron contents of the samples were investigated with XRD and FEG –SEM. 
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The detailed process parameters were presented at the beginning of each related 
section (Table 7.1, Table 8.1, Table 9.1).  
Table 6.1: The chemical compositions of the substrates. 
Substrate 
Si 
wt% 
Fe 
wt % 
Cu 
wt% 
Mn 
wt% 
Mg 
wt% 
Cr 
wt% 
Zn 
wt% 
Pb 
wt% 
Al 
wt% 
1050 0.113 0.301 0.001 0.011 0.003 0.002 0.006 0.008 99.52 
8079 0.168 1.095 0.001 0.005 0.001 0.001 0.01 0.0009 98.69 
Pure 0.002 0.001 0.001 - - - - 0.001 99.99 
 
 
Figure 6.1: Schematic drawing of the CA-PVD unit. 
6.1.2 Surface modification by using Al plasma produced with CA-PVD  
The same CA-PVD system (Novatech-SIE, Model: NVT-12 equipped with a 
programmable bias power supply, Advanced Energy Pinnacle, 12K) was used for 
surface modification of high purity Cu substrates with cathodic arc aluminum plasma 
(Fig.6.1). The dimensions of the copper substrates were 1.5cmx5cmx0.4cm. The 
substrates were cleaned ultrasonically in acetone for 10 minutes at room temperature 
35 
 
before the surface modification process. In this case, samples were fixed to a 
specimen holder and placed in front of the aluminum cathode. -150 V “deposition” 
and -1000 V “bombardment” bias voltages were successively applied to the 
specimens. The detailed process parameters were presented at the beginning of 
Chapter 10 (Table 10.1). 
6.2. X-Ray Diffraction Analysis 
Glancing angle x-ray diffractometer (Philips PW 3710) with a thin film attachment 
using Cu Kα radiation was used for analyzing the phase structure of the coatings over 
the 2θ range of 10-120°. The θ scan method with a fixed incidence angle of 2° was 
used.  
6.3. Scanning Electron Microscope Investigation 
Both the surfaces and the cross sections of the substrates were investigated with SEM 
(JEOL JSM-5600). Cross-sectional samples were prepared by grinding with SiC 
paper and then polishing with 3 µm diamond and colloidal silica. Semi-quantitative 
analyses were performed in the SEM using an EDS unit. FEG-SEM (JEOL JSM-
7000F) and attached EDS unit were also used to investigate the cross-sections of the 
specimens. 
6.4. Microhardness Measurements 
Vickers microhardness measurements were performed on the modified surfaces of 
high purity copper substrates by using 10 gf load with Future Tech FM-700 
microhardness tester.  
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7.  SURFACE MODIFICATION IN Al-Cu SYSTEM 
Surfaces of pure aluminum substrates were modified with CA copper plasma. The 
surface modification processes were carried out below 500ºC and without a 
temperature limitation. 
7.1 Surface Modification Below 500°C  
Surface modifications below 500°C were carried out in order to see the effects of 
mixing mechanisms and solid state diffusion processes on modified microstructures 
of the substrates (Table 7.1).  
Table 7.1: Cathodic arc copper plasma surface modification parameters below 
500°C employed for pure aluminum substrates. 
Bias Voltage Cycle 
(deposition- bombardment) 
Total Treatment Duration 
(min) 
Arc Current 
(A) 
150 V – 60 sec 
1000 V – 7,5 sec 21 65 
150 V – 60 sec 
1000 V – 5 sec 30 62 
150 V – 60 sec 
1000 V – 3 sec 25 63 
7.1.1 X-ray diffraction investigations 
According to XRD investigations, the modified surface of the substrate, which was 
deposited (60 seconds) and bombarded (7.5 seconds) with Cu ions, mainly consisted 
of θ-Al2Cu intermetallic phase and α-Al (Fig.7.1a). As the bombardment duration 
was decreased to 5 seconds, while keeping the deposition duration constant, XRD 
investigations showed the presence of θ-Al2Cu and η2-AlCu intermetallics and α-Al 
solid solution (Fig.7.1b). According to XRD diffractogramme of the substrate, which 
was bombarded for 3 seconds, θ-Al2Cu and η2-AlCu intermetallic phases and α-Al 
solid solution were formed on the surface after the modification process. In addition, 
the peaks at 2θ values of 43.3° and 50.5° were observed in the diffractogramme, 
which corresponded to characteristic peaks of metallic copper (Fig. 7.1c). 
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Figure 7.1: XRD diffractogrammes of pure aluminum substrates after surface modification with cathodic arc copper plasma below 500°C. The 
deposition and bombardment cycle parameters and the total modification durations are (a) 150 V-60 sec,1000 V-7.5 sec, 21 min, (b) 
150 V-60 sec, 1000 V-5 sec, 30 min, (c) 150 V-60 sec, 1000 V-3 sec, 25 min. 
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7.1.2 Scanning electron microscope investigations  
According to BSE SEM investigations and EDS analyses, modified surface of the 
substrate, which was bombarded for 7.5 seconds with copper ions, consisted of two 
phases (Fig.7.2a). Individual analysis of those phases with EDS showed that the dark 
and light areas corresponded to α-Al and θ-Al2Cu phases, respectively. The circular 
formations on the surface were droplets splattered all over the surface. Higher 
temperatures in the close vicinity of the droplet should have increased the diffusion 
rates of the constituent elements and the defects which resulted in the formation of 
“star-like” intermetallics originating from the droplets. Cross-sectional BSE SEM 
investigations on the same substrate after the surface treatment showed the formation 
of an intermetallic rich phase at the surface (Fig 7.2b). EDS analyses showed that 
~0.1 µm thick modified zone consisted of θ-Al2Cu intermetallics. However, θ phase 
did not form a continuous film on the surface which was evident in surface BSE 
SEM image (Fig.7.2a).  
In the case of the substrate, which was bombarded for 5 seconds with copper ions, 
surface SEM and EDS analysis showed that θ-Al2Cu intermetallic phase was formed 
on the modified surface. However, the surface BSE SEM images were not clear 
enough to identify the phases with EDS precisely. According to cross-sectional 
investigations with SEM and EDS, two types of  intermetallic phases were formed on 
the modified surface of the substrate, which corresponded to θ-Al2Cu (dark colored) 
and η2-AlCu (light colored) stoichiometries (Fig.7.2d). Modified zone thicknesses 
varied between 0.6 and 2 µm. Since the modified zone thickness was very thin, α-Al 
peaks in XRD diffractogramme should have stemmed from the XRD data collected 
from the substrate, not from the modified zone. 
Surface BSE SEM investigation of the substrate, which was bombarded for 3 
seconds, showed the presence of a complex microstructure, so the phases could not 
be identified with EDS analyses (Fig.7.2e). Cross-sectional SEM and EDS 
investigations showed that ~2 µm thick modified zone consisted of θ-Al2Cu (dark 
colored) and η2-AlCu (light colored, branch-like) phases (Fig.7.2f). The white 
features at the very top of the cross-sectional BSE SEM image mainly consisted of 
metallic copper. Similar to the substrate bombarded for 5 seconds, the surface 
modified zone was very thin so that XRD data, which belonged to α-Al peaks, were 
collected from the substrate, not from the modified zone.  
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Modified zone thicknesses of 5 and 3 seconds bombarded substrates were thicker 
than that of 7.5 seconds bombarded one. This considerable difference could be 
explained by high diffusion rate of aluminum into copper [117], and the resulting 
transformation of the surface microstructure from copper rich phases to α-Al and θ-
Al2Cu as the bombardment duration was increased. The proposed transformation 
mechanism will be discussed in the following paragraph.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
     
      
Figure 7.2:  Surface (upper) and cross-sectional (lower) BSE SEM images of  pure aluminum substrates after surface modification with cathodic 
arc copper plasma below 500°C. The deposition and bombardment cycles and the total modification durations are (a),(b) 150 V-60 
sec,1000V-7.5 sec, 21 min, (c),(d) 150 V-60 sec, 1000 V-5 sec, 30 min, (e),(f) 150 V-60 sec, 1000 V-3 sec, 25 min. 
(a) (c) (e) 
(b) (d) (f) 
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Since surface treatment process below 500°C did not involve any transformation 
from the liquid state, all the microstructural constituents should have been formed as 
a result of solid state diffusion reactions. The process involves copper deposition on 
the surface of the aluminum substrate followed by bombardment with copper ions. 
Therefore, considering Al-Cu binary phase diagram, the transformations should have 
started from the Cu rich side [69]. The diffusion rate of aluminum into copper is 
higher than that of copper in aluminum [117] and was further enhanced by the 
mentioned mixing mechanisms. Therefore, the copper rich surface layer experienced 
successive solid-state transformations by taking aluminum continuously into its 
structure as the bombardment period was increased from 3 seconds to 7.5 seconds.  
In the case of substrate bombarded for 3 seconds, the average copper content of the 
modified surface was ~54 at.% (Fig.7.3). However, according to XRD and cross-
sectional SEM and EDS investigations, the modified zone predominantly consisted 
of θ-Al2Cu and η2-AlCu intermetallic phases. The metallic copper peaks in the XRD 
diffractogramme resulted from the droplets that were produced during the surface 
modification process. The presence of droplets caused the overall composition to 
shift towards the Cu rich side of the Al-Cu phase diagram.  
As the bombardment duration was increased to 5 seconds, overall composition 
shifted to lower copper contents, i.e. ~39 at.%Cu and ~61 at.%Al, which laid in the 
composition range where θ-Al2Cu and η2-AlCu are in equilibrium. Previous EDS and 
XRD investigations also showed that the modified zone consisted of θ-Al2Cu and η2-
AlCu phases. 
Increasing the bombardment duration to 7.5 seconds, caused overall composition of 
the modified surface to reach the composition range (~9 at.%Cu and ~91 at.%Al) 
over which α-Al solid solution and θ-Al2Cu are in equilibrium (Fig.7.3). That 
composition was close to α-Al end of the two phase region. Therefore, the amount of 
α-Al should be considerably higher than that of θ-Al2Cu phase, which was in 
agreement with SEM investigations (Fig. 7.2).   
As a result, it was shown with XRD, SEM and EDS investigations that the types and 
amounts of intermetallic phases in the modified surfaces were altered depending on 
the bombardment durations applied during the surface modification process. This 
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indicated the possibility of adjusting the ratio of aluminum and copper rich 
intermetallics by controlling the periods of deposition and bombardment durations.  
 
Figure 7.3: Overall composition values, shown on Al-Cu binary phase diagram, 
according to the EDS analyses carried out on the modified surfaces of 
the substrates bombarded for 7,5 seconds, 5 seconds and 3 seconds.   
7.2 Surface Modification Without Temperature Limitation  
Surface modification processes on pure aluminum substrates were also conducted 
above 500ºC (Table 7.2). During the process, temperature of the substrate was 
recorded higher than 500°C after a certain period, depending on the “bombardment” 
duration. It was visually observed that the surface of the specimen was melted and 
resolidified corresponding to the “bombardment” and “deposition” durations, 
respectively; indicating that the temperature of the substrate surfaces increased 
beyond the melting temperature of aluminum.  
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Table 7.2: Cathodic arc copper plasma surface modification parameters above 500°C 
employed for pure aluminum substrates. 
Bias Voltage Cycle 
(deposition- bombardment) 
Total Treatment Duration 
(min) 
Arc Current 
(A) 
150 V – 60 sec 
1000 V – 10 sec 
 
25 62 
150 V – 60 sec 
1000 V –7,5 sec 
 
25 65 
150 V – 30 sec 
1000 V – 7,5 sec 
 
30 62 
150 V – 15 sec 
1000 V – 7,5 sec 25 62 
7.2.1 X-ray diffraction investigations 
XRD investigations conducted after the surface modification process showed that the 
modified surfaces were consisted of θ-Al2Cu and α-Al phases regardless of 
deposition and bombardment durations (Fig 7.4). 
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Figure 7.4:  XRD diffractogrammes of pure aluminum substrates after surface modification with cathodic arc copper plasma without temperature 
limitation. The deposition and bombardment cycle parameters and the total modification durations are (a) 150 V-60 sec,1000 V-10 
sec, 25 min, (b) 150 V-60 sec, 1000 V-7.5 sec, 25 min, (c) 150 V-30 sec, 1000 V-7.5 sec, 30 min, (d) 150 V-15 sec, 1000 V-7.5 sec, 
25 min. 
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7.2.2 Scanning electron microscope investigations 
Surface BSE SEM investigations showed the presence of a eutectic microstructure on 
the modified surfaces of all substrates regardless of modification parameters 
(Fig.7.5). The modified surface microstructures were similar to characteristic Al-Cu 
eutectic microstructure of both anomalous and lamellar character [70,71]. 
Considering the application of 1000 V bias voltage and the resulting heating effect, it 
can be deduced that, the eutectic reaction occurring at 548.2ºC in Al-Cu system took 
place at the surface of the substrate. According to EDS analyses, the light and dark 
colored regions on BSE SEM images corresponded to θ-Al2Cu and α-Al phases, 
respectively.  
According to surface BSE SEM investigations, some areas at the modified surfaces 
of the substrates were composed of a hypereutectic microstructure (Fig.7.6). As 
explained in Section 3.3, hypereutectic Al-Cu microstructure consists of primary 
(proeutectic) θ-Al2Cu and eutectic mixture of α-Al and θ-Al2Cu. EDS analysis 
showed that bulky and lamellar white colored regions on BSE SEM images 
corresponded to θ-Al2Cu and black colored regions were α-Al solid solution. Local 
increase in the copper concentration at the surface stemming from the macroparticles 
should have lead the composition in the vicinity of droplets to shift hypereutectic 
compositional region. Therefore, alimited amount of hypereutectic microstructure 
was observed at the modified surfaces.  
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Figure 7.5: Surface BSE SEM images of  pure aluminum substrates after surface modification with cathodic arc copper plasma without 
temperature limitation. The deposition and bombardment cycles and the total modification durations are (a) 150 V-60 sec,1000V-10 
sec, 25 min, (b) 150 V-60 sec, 1000 V-7.5 sec, 25 min, (c) 150 V-30 sec, 1000 V-7.5 sec, 30 min, (d) 150 V-15 sec, 1000 V-7.5 sec, 
25 min. 
(a) (b) 
(c) (d) 
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Figure 7.6: BSE SEM images of hypereutectic microstructures on modified surfaces of pure aluminum substrates after surface modification with 
cathodic arc copper plasma without temperature limitation.  
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Cross-sectional BSE SEM investigations showed that the eutectic structure existed 
throughout the modified layer (Fig 7.7). The presence of considerable grain boundary 
diffusion could be observed in cross-sectional SEM images. Thick modified layers, 
which varied between 3-20 µm, were obtained as a result of preferential melting and 
subsequent resolidification of highly defective grain boundaries and their close 
surroundings.  
In conclusion, the CAPVD surface modification process without a temperature 
limitation resulted in the formation of eutectic mixture composed of α-Al and θ-
Al2Cu on the surfaces of pure aluminum substrates. 
  
     
    
Figure 7.7: Cross-sectional BSE SEM images of  pure aluminum substrates after surface modification with cathodic arc copper plasma without 
temperature limitation. The deposition and bombardment cycles and the total modification durations are (a) 150 V-60 sec,1000V-10 
sec, 25 min, (b) 150 V-60 sec, 1000 V-7.5 sec, 25 min, (c) 150 V-30 sec, 1000 V-7.5 sec, 30 min, (d) 150 V-15 sec, 1000 V-7.5 sec, 
25 min. 
(c) 
(a) (b) 
(d) 
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8. SURFACE MODIFICATION IN Al-Cu-0.3 wt.% Fe  SYSTEM 
Surfaces of 0.3 wt.% Fe containing Al alloys were modified with CA copper plasma 
below 500ºC and without a temperature limitation.  
8.1 Surface Modification Below 500°C  
The surface modification technique was applied to 0.3 wt.% Fe containing Al alloys, 
by limiting the temperature below 500ºC in order to see the effect of iron on solid-
state diffusion processes which was expected to occur during the surface 
modification (Table 8.1).  
Table 8.1: Cathodic arc copper plasma surface modification parameters below 
500°C employed for 0.3 wt.% iron containing aluminum substrates. 
Bias Voltage Cycle 
(deposition- bombardment) 
Total Treatment Duration 
(min) 
Arc Current 
(A) 
150 V – 60 sec 
1000 V – 10 sec 
 
21 65 
150 V – 60 sec 
1000 V –7,5 sec 
 
21 65 
150 V – 60 sec 
1000 V – 5 sec 
 
30 62 
150 V – 60 sec 
1000 V – 3 sec 25 63 
8.1.1 X-ray diffraction investigations 
According to XRD investigations, the modified surface of the substrates, which were 
bombarded for 10 and 7.5 seconds, consisted of θ-Al2Cu and α-Al accompanied with 
η2-AlCu intermetallic phases (Fig.8.1a,b, Fig.A.3.1, Fig.A.3.2). As the bombardment 
duration was decreased to 5 and 3 seconds, while keeping the deposition duration 
constant, similarly, XRD investigations showed the presence of θ-Al2Cu and η2-
AlCu intermetallics and α-Al solid solution (Fig.8.1c,d). Moreover, additional peaks 
were observed for 5 and 3 seconds bombarded samples that corresponded to 
characteristic peaks of both metallic copper and α2-AlCu4.  
  
 
Figure 8.1:  XRD diffractogramme of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper plasma 
below 500°C. The deposition and bombardment cycle parameters and the total modification durations are (a) 150 V-60 sec,1000 V-
10 sec, 21 min, (b) 150 V-60 sec,1000 V-7.5 sec, 21 min, (c) 150 V-60 sec, 1000 V-5 sec, 30 min, (d) 150 V-60 sec, 1000 V-3 sec, 
25 min. 
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8.1.2 Scanning electron microscope investigations 
Surface BSE SEM investigations and EDS analyses showed that the modified 
surfaces of 10 and 7.5 seconds bombarded samples mainly consisted of two phases. 
Individual analysis of the intermetallics on the surface with EDS (BSE image of the 
dark areas (black), α-Al; light areas (white), Al2Cu) showed that their compositions 
comply with the composition of the corresponding intermetallics (Fig.8.2a,b). In 
addition to Al-Cu binary intermetallics, needle-like Al-Cu-Fe ternary phase was 
formed during the surface treatment process of 10 seconds bombarded substrate. The 
iron necessary for the formation of this ternary phase should have been supplied to 
the system by the Al-Fe intermetallics present in the structure of the 0.3 wt.%Fe 
containing aluminum substrate. Solubility of iron in aluminum is very low, hence 
iron readily forms intermetallics in iron containing aluminum alloys (Fig.A.5) [118]. 
The Al-Fe intermetallics, which were already present at the surface of the substrate, 
should have undergone solid state transformation by taking copper into their 
structure resulting in the formation of ternary Al-Cu-Fe intermetallic phase formation 
in a limited amount. Since the amount of ω-Al7Cu2Fe was very small in the modified 
zone, it was not possible to detect this phase with XRD. 
On the other hand, according to surface BSE SEM and EDS investigations, modified 
surfaces of the substrates, which were bombarded for 5 and 3 seconds, consisted of 
θ-Al2Cu intermetallic phase and copper droplets (Fig.8.2c,d). η2-AlCu and α-Al 
phases, which were detected through XRD investigations, was absent according to 
surface EDS analyses. α-Al peaks in XRD diffractogrammes should have stemmed 
from the XRD data collected from the substrate, not from the modified zone. 
However, cross-sectional SEM investigations were necessary in order to identify the 
phases more precisely.  
Cross-sectional backscatter electron BSE SEM images of the substrates, which were 
bombarded for 10, 7.5 and 5 seconds, showed the presence of a two phase 
microstructure with thicknesses varying between 1-4 µm (Fig.8.3a,b,c). EDS 
analyses performed on those phases showed that light colored (thin, branch-like) 
areas in the modified zone were η2-AlCu intermetallics and darker areas (rest of the 
modified zone structure surrounding branch-like AlCu phase) were θ-Al2Cu 
intermetallics. According to cross-sectional BSE SEM images, the amount of η2-
AlCu phase in 5 seconds bombarded substrate was higher than those in 7.5 and 10 
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seconds bombarded ones. 3 seconds bombarded substrates could not be prepared 
successfully for cross-sectional metallographic inspection, since the modified zone 
was very brittle and fragile. One of the very few cross-sectional BSE SEM images 
showed the presence of θ-Al2Cu phase (Fig.8.3d). However, presence of considerable 
amount of η2-AlCu phase was evident in the modified zone according to XRD 
investigations.  
In conclusion, the modified surfaces of 10 and 7.5 seconds bombarded substrates 
consisted of θ-Al2Cu, η2-AlCu intermetallic phases and α-Al. On the other hand, 
XRD, SEM and EDS investigations showed the presence of θ-Al2Cu, η2-AlCu 
intermetallic phases on modified surfaces of 5 and 3 seconds bombarded substrates. 
The overall evaluation of XRD and SEM investigations showed that the amounts of 
η2-AlCu phase in the modified surfaces of 5 and 3 seconds bombarded substrates 
were higher than those in the modified surfaces of 7.5 and 10 seconds bombarded 
ones. 
  
 
     
    
Figure 8.2: Surface BSE SEM images of  Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper 
plasma below 500°C. The deposition and bombardment cycles and the total modification durations are (a) 150 V-60 sec,1000V-10 
sec, 21 min, (b) 150 V-60 sec, 1000 V-7.5 sec, 21 min, (c) 150 V-60 sec, 1000 V-5 sec, 30 min, (d) 150 V-60 sec, 1000 V-3 sec, 25 
min. 
(a) (b) 
(d) (c) 55 
  
    
    
Figure 8.3: Cross-sectional BSE SEM images of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc 
copper plasma below 500°C. The deposition and bombardment cycles and the total modification durations are (a) 150 V-60 
sec,1000V-10 sec, 21 min, (b) 150 V-60 sec, 1000 V-7.5 sec, 21 min, (c) 150 V-60 sec, 1000 V-5 sec, 30 min, (d) 150 V-60 sec, 
1000 V-3 sec, 25 min. 
(a) (b) 
(d) (c) 
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The overall evaluation of the XRD, SEM and EDS results indicated that all of the 
modified surfaces should lay within the composition range at which θ-Al2Cu and η2-
AlCu phases are in equilibrium (Fig 8.4). However, as the bombardment duration 
was increased (to 7.5 and 10 seconds), the modified surfaces continued to experience 
solid state transformations (explained in Section 7.1.2) towards the compositional 
range where α-Al and θ-Al2Cu are in equilibrium by taking Al continuously into the 
structure. The partial (incomplete) solid-state transformation from θ-Al2Cu+η2-AlCu 
region to α-Al+θ-Al2Cu region could explain the presence of α-Al in the modified 
zones of 10 and 7.5 bombarded substrates.    
 
Figure 8.4: Overall composition values, shown on Al-Cu binary phase diagram, 
according to the phases identified through XRD, SEM and EDS 
investigations carried out on the modified surfaces of the substrates 
bombarded for 10 seconds, 7,5 seconds, 5 seconds and 3 seconds.   
8.2 Surface Modification Without Temperature Limitation  
Surface modification process was applied to aluminum alloys with iron contents of 
0.3 wt.% allowing them to heat up to temperatures above 500°C (Table 8.2). During 
this process, it was visually observed that the surfaces of the specimens were melted 
and resolidified corresponding to the “bombardment” and “deposition” durations. 
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Table 8.2:  Cathodic arc copper plasma surface modification parameters above 
500°C employed for 0.3 wt.% iron containing aluminum substrates. 
Bias Voltage Cycle 
(deposition- bombardment) 
Total Treatment Duration 
(min) 
Arc Current 
(A) 
150 V – 60 sec 
1000 V – 10 sec 
 
25 70 
150 V – 60 sec 
1000 V –7,5 sec 
 
25 70 
150 V – 30 sec 
1000 V – 7,5 sec 
 
30 65 
150 V – 15 sec 
1000 V – 7,5 sec 33 65 
8.2.1 X-ray diffraction investigations 
According to XRD investigations, modified surfaces all substrates consisted of θ-
Al2Cu, ω-Al7Cu2Fe and α-Al phases (Fig.8.5). However, there was a broad and 
intense peak in the 2θ range of 44-46°. This range was investigated through lower 
scan rate XRD measurements, the results of which will be discussed in Section 9.2.1 
in comparison with the XRD diffractogramme of 1wt.% iron containing substrates.  
 
   
 
Figure 8.5: XRD diffractogramme of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper plasma 
without temperature limitation. The deposition and bombardment cycles and the total modification durations are (a) 150 V-60 
sec,1000V-10 sec, 28 min, (b) 150 V-60 sec, 1000 V-7.5 sec, 25 min, (c) 150 V-30 sec, 1000 V-7.5 sec, 30 min, (d) 150 V-15 sec, 
1000 V-7.5 sec, 33 min. 
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8.2.2 Scanning electron microscope investigations 
BSE SEM investigations showed that the modified surface microstructures of all 
substrates consisted of three phases: a eutectic mixture (denoted as A) and a bulky 
phase (denoted as B) (Fig.8.6). According to EDS analysis, the eutectic mixture was 
composed of θ-Al2Cu and α-Al phases. The bulky phase corresponded to ternary ω-
Al7Cu2Fe intermetallic phase. There are two invariant reactions including α-Al, θ-
Al2Cu and ω-Al7Cu2Fe phases in Al-Cu-Fe system [83]: L ↔ α-Al + θ-Al2Cu + ω-
Al7Cu2Fe at 542°C and at L ↔ α-Al + θ-Al2Cu 548.2°C. During the surface 
treatment, above mentioned invariant transformations were expected to take place 
consecutively, since the temperature was increased as a result of successively applied 
copper deposition and bombardment periods. However, at least 10 at.% iron is 
necessary for the formation of ternary Al-Cu-Fe phases (Fig.4.2) [84]. Therefore, 
there should have been a considerable diffusion of iron from bulk towards the 
surface, since the only source of iron in the system was the iron containing 
intermetallics in the microstructures of the substrates.  
According to cross-sectional BSE SEM and EDS investigations, the modified 
surfaces of all substrates, the thicknesses of which varied between 10-30µm, were 
composed of intermetallic rich structures, which consisted of Al-Al2Cu eutectic 
mixture and ternary ω-Al7Cu2Fe intermetallics (denoted by A in Fig 8.7a,b). The 
presence of considerable grain boundary diffusion and intermetallic free layer just 
below the modified zone could be observed in cross-sectional BSE SEM images 
(Fig.8.7.a). The proposed mechanism of iron enrichment at the surface and the 
formation of the complex microstructure will be discussed in Section 9.2.2.  
 
 
 
 
  
 
    
    
Figure 8.6: Surface BSE SEM images of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper 
plasma without temperature limitation. The deposition and bombardment cycles and the total modification durations are (a) 150 V-
60 sec,1000V-10 sec, 28 min, (b) 150 V-60 sec, 1000 V-7.5 sec, 25 min, (c) 150 V-30 sec, 1000 V-7.5 sec, 30 min, (d) 150 V-15 
sec, 1000 V-7.5 sec, 33 min. 
(a) (b) 
(d) (c) 
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Figure 8.7: Cross-sectional BSE SEM images of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc 
copper plasma without temperature limitation. The deposition and bombardment cycles and the total modification durations are (a) 
150 V-60 sec,1000V-10 sec, 28 min, (b) 150 V-60 sec, 1000 V-7.5 sec, 25 min, (c) 150 V-30 sec, 1000 V-7.5 sec, 30 min, (d) 150 
V-15 sec, 1000 V-7.5 sec, 33 min. 
(a) (b) 
(d) (c) 
A
A
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9.  SURFACE MODIFICATION IN Al-Cu-1 wt.% Fe  SYSTEM 
The CAPVD surface modification technique was applied to 1wt.% Fe containing Al 
alloys by limiting the temperature below 500ºC and without a temperature limitation 
(Table 9.1).  
Table 9.1: Cathodic arc copper plasma surface modification parameters employed 
for 1 wt.% iron containing aluminum substrates. 
Substrate 
Temperature 
Bias Voltage Cycle 
(deposition- bombardment) 
Total Treatment 
Duration 
(min)
Arc Current 
(A) 
> 500°C 150 V – 30 sec 1000 V – 10 sec 25 70 
without 
temperature 
limitation 
 
150 V – 30 sec 
1000 V –15 sec 
25 63 
9.1 Surface Modification Below 500 °C  
In order to limit the temperature below 500°C, the surface modification process was 
stopped when the substrate temperature reached to 500°C and it was started again 
after self cooling down of the substrate in the vacuum environment.  
9.1.1 X-ray diffraction investigations 
XRD investigations showed that the modified surface of 1 wt.% iron containing 
substrate consisted of α-Al, θ-Al2Cu and ω-Al7Cu2Fe phases (Fig.9.1).  
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Figure 9.1: XRD pattern of 1 wt.%Fe containing aluminum alloy treated with 
cathodic arc copper plasma below 500°C. 
9.1.2 Scanning electron microscope investigations 
According to surface BSE SEM investigations, a complex microstructure was present 
on the modified surface of the substrate (Fig.9.2a). Therefore, identification of 
individual phases was not possible through surface EDS analyses.  
Cross-sectional BSE SEM investigations after the surface treatment showed the 
presence of an intermetallic rich structure at the surface and an intermetallic-free 
layer just below the modified zone (Fig.9.2b,c). According to EDS analyses, the 
cornered structures corresponded to ω-Al7Cu2Fe (denoted as 1 in Fig.9.2c) and the 
curved ones corresponded to θ-Al2Cu phase (denoted as 2 in Fig.9.2c). Although at 
least 10 at.% iron is necessary for the formation of ternary ω-Al7Cu2Fe phase [84], 
modified surfaces of 1 wt.% Fe containing substrates contained considerable amount 
of ω phase. Aluminum rich side of Fe-Al phase diagram [118] shows that the 
solubility of iron in aluminum increases with the increase of temperature (Fig.A.5). 
Hence, iron, which was already present as Al-Fe intermetallics in the substrate 
microstructure, should have diffused towards the hot surface during the surface 
modification process through the defective and open grain boundaries leading to iron 
enrichment and in turn formation of ω-Al7Cu2Fe phase at the modified zone.  
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Figure 9.2: (a) Surface and (b) (c) Cross-sectional BSE SEM images of 1 wt.% Fe 
containing substrates after surface modification below 500°C. 
 
(a) 
(b) 
(c) 
1
2
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9.2 Surface Modification Without Temperature Limitation 
Surface modification process was applied to aluminum alloys with iron content of 
1wt.%. allowing them to heat up to temperatures above 500°C. During this process, 
it was visually observed that the surfaces of the specimens were melted and 
resolidified corresponding to the “bombardment” and “deposition” durations. 
9.2.1 X-ray diffraction investigations 
For 1 wt.% iron containing substrate, α-Al, θ-Al2Cu and ω-Al7Cu2Fe phases were 
identified in the XRD patterns (Fig.9.3). Similarly, surfaces of 0.3wt.% iron 
containing substrates, modified without a temperature limitation, consisted of θ-
Al2Cu, ω-Al7Cu2Fe and α-Al phases (Fig.8.5).  However, in both cases there was a 
broad and intense peak in the 2θ range of 44-46°. Closer investigation of this region 
through lower scan rate XRD measurements showed that as the iron content of the 
sample was increased, this peak shifted towards the reference peaks of icosahedral 
phases like Al64.3Cu23.5Fe12.2, Al60Cu30Fe10, Al60.3Cu30Fe9.7 (Fig.9.4).  
It is interesting to note that, although at least 10 at.% iron is necessary for the 
formation of ternary and/or IQC phases (Fig.4.2), it was possible to obtain those 
ternary phases by using substrates with much lower iron contents. In order to find the 
source of iron that led to the formation of substantial amount of ternary intermetallics 
on the surface, cross-sections of the substrates were examined before and after 
surface modifications. 
 67 
 
 
Figure 9.3: XRD pattern of 1 wt.%Fe containing aluminum alloy treated with  
cathodic arc copper plasma above 500°C. 
 
Figure 9.4: XRD patterns (35°≤2θ≤55°) of 0.3 and 1 wt.% Fe containing aluminum 
alloys treated with cathodic arc copper plasma. 
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9.2.2 Scanning electron microscope investigations 
Cross-sectional SEM investigations after the surface treatment showed the presence 
of an intermetallic rich structure at the surface and considerable grain boundary 
diffusion leaving an intermetallic-free layer just below the modified zone (Fig.9.5).  
The heating effect resulting from high bias voltages during the treatment led to 
acceleration of the diffusion to highly defective grain boundaries and their vicinity. 
Aluminum rich side of Fe-Al phase diagram [118] shows that the solubility of iron in 
aluminum increases considerably with the increase of temperature beyond 520°C 
(Fig.A.5). Therefore with the increase of temperature, iron, enriched in the grain 
boundaries and their vicinity, diffused towards the surface through grain boundaries, 
along which iron rich compounds were formed (Fig.9.5). The EDS analyses of the 
marked zones in Figure 8.5 are given in Table 9.2. The modified surface zone, which 
has a thickness varying between 5-20 microns, consisted of ternary Al-Cu-Fe 
intermetallics; the composition of which corresponded to that of zone 1 in Fig 9.5. 
However, an interphase region can clearly be identified between the zones indexed 
with 1 and 2. The composition of zone 1 and zone 2 corresponded to ternary Al-Cu-
Fe (ω and/or IQC) and an Al-Fe-(Cu) (λ-Al13Fe4 and/or Al23Fe4Cu) intermetallic 
phase, respectively. Al-Cu-Fe system is a complex system with numerous 
intermetallic phases and invariant transformations. Hence, it is difficult to identify 
the phases in the microstructure with EDS analysis. However, the layered type 
microstructure indicated clearly that during the surface modification process the 
transformation between those phases had not been completed yet.  In zone 5 that lies 
30-60 micron below the modified surface, considerable amount of needle shaped 
intermetallics are clearly observed (Fig.9.5). EDS analyses performed on these 
particles showed that the composition of them were close to Al-Fe intermetallics 
(Table 9.2).  
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Figure 9.5: Cross-sectional BSE SEM image of 1 wt.% Fe containing aluminum 
alloys treated with cathodic arc copper plasma without temperature 
limitation.  
Table 9.2: EDS analysis from different regions on the modified zone of Al-1wt.% Fe 
samples treated at temperatures above 500°C  taken from cross sections. 
Marked Regions 
in Figure 9.5 
Al (at.%) Cu (at.%) Fe (at.%) Phases 
1 63±3 23±2 13±1 ω and/or IQC 
2  61.16±3 6.3±2 29.98±3 
λ-Al13Fe4 
and/or Al23Fe4 Cu 
3  68.36±3 2.98±1 28.66±3 λ-Al13Fe4 
4  85.45±2 1.52±0.5 12.02±2 Metastable Al6Fe 
A complex microstructure composed of four different phases was present on the 
surface of the iron containing aluminum alloys (Fig.9.6).  However, on the surface of 
pure aluminum treated with a similar process a perfect eutectic microstructure (dark 
colored: α-Al and light colored: θ-Al2Cu) was present (Fig.7.5). EDS analyses results 
carried out on the designated areas (Fig.9.6) of iron containing alloys and the 
corresponding phases are listed in Table 9.3. The microstructure of the 1 wt.% Fe 
containing aluminum consisted of α-Al, θ-Al2Cu and other ternary Al-Cu-Fe phases. 
The lamellar eutectic microstructure, which was present on the surface of pure 
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aluminum and 0.3 wt.% Fe containing samples, was significantly altered in the case 
of surface treated 1 wt.% Fe containing sample (Fig.9.6). Diffusion of iron from bulk 
to surface resulted in the formation of iron containing ternary phases and therefore 
the alterance of the eutectic microstructure. After the surface treatment process, 
ternary Al-Cu-Fe phases (zones 3 and 4) were more frequently observed in high iron 
(1 wt.% Fe) containing substrate as a result of more iron diffusion from the bulk to 
the surface. EDS analyses carried out on zone 3 indicates the compositional range 
where ω-Al7Cu2Fe and IQC phase mixture is in equilibrium. The presence of ω-
Al7Cu2Fe and IQC phases was also evident in the XRD spectra. However, since the 
chemical compositions of these phases are very close to each other, it was not easy to 
resolve them through EDS analysis. According to SEM investigations and EDS 
analysis, another ternary phase including approximately 82±4 at. % Al, 11 ±4at. % 
Cu and 7±3 at. % Fe was also present in the microstructure. This compositional 
range did not correspond to that of any equilibrium ternary phase in Al-Cu-Fe 
system. Hence, it is suggested that the chemical analysis could be an average of the 
layered microstructure (λ-Al13Fe4 and ω-Al7Cu2Fe and/or IQC), which was 
mentioned before (Fig.9.5).  
As proposed by Bradley and Goldschmidt [78], icosahedral phases form as a result of 
a peritectic reaction and/or solid state transformations. Assuming that Al-Cu-Fe 
ternary and Al-Cu phases observed in the modified surface are formed through 
transformations from the liquid state, i.e. peritectic and eutectic reactions; the 
following route can be proposed for the explanation of the phases present in the 
modified surfaces. There are four invariant reactions including α-Al, θ-Al2Cu, ω-
Al7Cu2Fe and IQC phases in Al-Cu-Fe system [83]; L ↔ α-Al + θ-Al2Cu + ω-
Al7Cu2Fe at 542°C, L ↔ α-Al + θ-Al2Cu at 548.2°C, L ↔ θ-Al2Cu+ ω-Al7Cu2Fe at 
588°C, L+λ-Al13Fe4↔ω-Al7Cu2Fe + IQC at ~740°C. During the surface treatment, 
since the temperature was increased as a result of successively applied copper 
deposition and bombardment periods, above mentioned invariant transformations 
were expected to take place consecutively. The first reaction at 542°C, which 
includes the formation of Fe containing ω phase, is not expected to occur, because in 
early stages of the process, the aforementioned iron enrichment at the surface would 
not be adequate for the formation of ω phase. Therefore, first of all, the eutectic 
transformation at 548.2°C should have taken place. However, with the overall 
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temperature increase during the process iron diffusion was promoted and with the 
continuous injection of copper into the modified zone, iron and copper contents of 
the surface also increased. When the surface temperature exceeded 588°C, 
previously formed θ-Al2Cu melted and the liquid is transformed into θ-Al2Cu and ω-
Al7Cu2Fe phases. The further increase of the temperature above 740°C may have 
resulted in the formation of λ-Al13Fe4 through eutectic reaction. At approximately 
740°C, ω and IQC phases forms simultaneously by a peritectic reaction between the 
liquid and λ-Al13Fe4 phases. After the formation of iron containing ternary 
intermetallics, θ-Al2Cu would be the last phase to solidify from the melt. Since 
copper was already consumed during the formation of Fe-containing phases, the 
amount of θ phase would be considerably lower in 1 wt.% Fe containing sample. 
In addition to the transformation reactions from the liquid state, solid state diffusion 
reactions and also a combination of both may also lead to the formation of Al-Cu-Fe 
phase as evident from the pseudo binary phase diagram [84].  
 
Figure 9.6: Surface BSE SEM image of 1 wt.% Fe containing aluminum alloys 
treated with cathodic arc copper plasma without temperature limitation.  
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Table 9.3: EDS analysis from different regions on the modified surface of Al-1wt.% 
Fe samples treated at temperatures above 500°C.  
Marked Regions 
in Figure 9.6 
Al (at.%) Cu (at%) Fe (at.%) Phases 
1 97±1 2.5±1 - α-Al 
2 68±3 30±3 - θ-Al2Cu 
3 64±5 24±2 12±1.5 
ω-Al7Cu2Fe 
and/or IQC 
4 82±4 11±4 7±3 layered 
Surface SEM and EDS investigations also showed the presence of ternary Al-Cu-Fe 
intermetallics, which had completely different morphological characteristics than the 
ones presented above (Fig.9.7). These ternary Al-Cu-Fe phases formed as “long 
flakes” on the modified surfaces. According to EDS analysis, the flaky structures 
corresponded to ω-Al7Cu2Fe intermetallic and/or IQC phase. Since the chemical 
compositions of ω and IQC phases are very close to each other, it was not possible to 
clearly identify the flaky phases with EDS analyses. However, ternary flaky 
structures were also observed on the modified surfaces of Al-0.3wt.%Fe substrates 
(Fig.9.7c,d). Considering no or little IQC phase was formed on the surface of Al-
0.3wt.%Fe substrates after surface modification, the flaky phases probably 
corresponded to ω-Al7Cu2Fe intermetallics (Fig.9.4). Revealing the formation 
mechanism of these structures needs further investigation.  
 
 
 
 
  
 
    
    
Figure 9.7: BSE SEM image of “long flaky” phases on modified surfaces (a) (b)1 wt.% Fe, (c) (d) 0.3 wt.% Fe containing aluminum alloys 
treated with cathodic arc copper plasma without temperature limitation. 
(a) 
(d) (c) 
(b) 
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10.  SURFACE MODIFICATION IN Cu-Al  SYSTEM 
In this chapter, the surface modification processes based on deposition and 
bombardment with aluminum ions were applied to copper substrates (Table 10.1). 
Considering that the amounts and compositions of the intermetallics obtained at the 
modified surfaces could be successfully adjusted by tuning the deposition and 
bombardment stages of the CAPVD process, we aimed at synthesizing the (Cu) solid 
solution aluminum bronze (>70 at.% Cu) and γ1-Al4Cu9 (~63-69 at.% Cu) phases at 
the surface of high purity copper specimens. Surface alloying and intermetallic 
formation on surfaces of the copper substrates were realized by manipulating the 
sequential deposition and bombardment durations of aluminum. Deposition duration 
(under low bias) for both surface modification processes was set as ~13 minutes. 
Total bombardment durations were adjusted as 6.7 minutes and 3.2 minutes, which 
were defined as “long total bombardment duration” and “short total bombardment 
duration”, respectively. During the surface modification processes, the temperatures 
on the surfaces of the substrates were measured by an optical pyrometer. The surface 
temperatures were in the range of 300-500°C during the first 5 minutes of the 
modification process. As the process continued, the temperatures increased upto 
~750°C. 
Table 10.1. Cathodic arc aluminum plasma surface modification parameters 
employed for copper substrates. 
 
Bias Voltage 
Cycle 
(deposition- 
bombardment)
Total 
Treatment 
Duration 
(min)
Total 
Deposition 
Duration 
(min) 
Total 
Bombardment 
Duration 
(min) 
Arc 
Current 
(A) 
long total 
bombardment 
duration 
 
150 V – 30 sec 
1000 V –15 sec 
 
20 
 
13.3 
 
6.7 
 
65-70 
 
short total 
bombardment 
duration 
 
150 V – 60 sec 
1000 V – 15 sec 
 
16 
 
12.8 
 
3.2 
 
65-70 
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10.1. Surface Modification of High Purity Cu Substrate with CA Aluminum 
Plasma – Long Total Bombardment Duration 
Using the surface modification parameters defined as “long total bombardment 
duration” in Table 1, a surface layer mainly composed of (Cu) solid solution and 
martensitic β1-AlCu3 phase was obtained. 
XRD patterns showed that the modified zone mainly consisted of a mixture of 
martensitic β1-AlCu3 and (Cu) solid solution, which was accompanied by γ1-Al4Cu9 
intermetallic phase (Fig.10.1). (β1 phase is defined as martensitic ordered β phase in 
ICDD database.) The presence of γ1-Al4Cu9 phase could be more clearly identified 
with the help of the magnified views of the broad peaks at 2θ values ~44.3° and 
~88.3° (Fig.10.2). The peak at 2θ = ~44.3° involved both γ1-Al4Cu9 and martensitic 
β1-AlCu3 phases and the peak at 2θ = ~88.3° contained both γ1-Al4Cu9 and (Cu) solid 
solution. The copper and aluminum contents of the copper solid solution were 
calculated by using Vegard’s Law [119]. The calculated amounts of aluminum and 
copper in the solid solution were ~12 at.% and ~88 at%, respectively. (The detailed 
calculation based on Vegard’s Law is presented in Appendix 6.) 
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Figure 10.1:  XRD diffractogramme of copper substrate after surface modification 
with cathodic arc aluminum plasma without temperature limitation. 
The deposition and bombardment cycles and the total modification 
durations are 150 V-30 sec, 1000 V-15 sec, 20 min. 
 
Figure 10.2: Partial XRD diffractogrammes belonging to the XRD pattern in 
Figure10.1 at 2θ values of (a) ~44.3° and (b) ~88.3°. 
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The modified zone, with a thickness of ~15µm, consisted of three phases 
(Fig.10.3a,b). Individual analyses of those phases with EDS showed that the light 
areas corresponded either to (Cu) solid solution or β1-AlCu3 phase and the dark areas 
corresponded to γ1-Al4Cu9 intermetallic phase. However, it was not possible to make 
a clear distinction between (Cu) and β1 phases with BSE electron microscope 
investigations. Therefore, for a more detailed microstructural analysis, the cross-
sectional samples were etched with FeCl3 solution in order to dissolve the (Cu) phase 
and reveal the β1-AlCu3 phase. Cross-sectional BSE SEM investigations and EDS 
analyses after etching showed that the remaining phase in the microstructure was β1-
AlCu3 (Fig.10.3c).  
Microhardness values of the modified zone, which was a mixture of (Cu) solid 
solution and β-AlCu3 phase, varied between 250 HV and 290 HV. The measured 
hardness values were in agreement with the ones presented in the literature [121]. 
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Figure 10.3: (a) Surface and (b) cross-sectional BSE SEM images of  pure copper 
substrates after surface modification with cathodic arc aluminum 
plasma. (c) cross-sectional BSE SEM images of  pure copper 
substrates after surface modification with cathodic arc aluminum 
plasma and etching with FeCl3 solution. The deposition and 
bombardment cycles and the total modification durations were 150 V-
30 sec, 1000 V-15 sec, 20 min. 
(a) 
(b) 
(c) 
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The process involved deposition and bombardment of aluminum ions on copper 
substrate. The temperatures measured at the surface of the substrate during the 
bombardment duration increased above 750°C and caused the deposited aluminum 
layer to melt. Therefore, the limited amount of liquid aluminum deposited on the 
surface should have diffused rapidly into the copper substrate as a result of enhanced 
diffusion processes during the surface modification process. Furthermore, the 
diffusion rate of aluminum into copper is higher than that of copper into aluminum 
[121], therefore, the solid state transformations should have started from the Cu rich 
side of the Al-Cu binary phase diagram. According to Al-Cu phase diagram, first, 
(Cu) solid solution should form on the surface of the copper substrate. During the 
surface modification process, the temperature at the substrate surface gradually 
increased because of the energetic ion-substrate interactions especially during 
bombardment periods [26]. Therefore, as the surface modification process continued, 
the (Cu) solid solution layer transformed into high temperature β-AlCu3 phase by 
taking aluminum continuously into its structure. The modified zone above the 
interface consisted mainly of β1 phase and (Cu) solid solution (Fig.10.3c).At Cu rich 
(0-30 at.%Al) part of Al-Cu phase diagram, high temperature β phase can be retained 
metastably due to the sluggishness of the eutectoid reaction at ~567°C (β→γ1+(Cu)) 
and several metastable equilibria are present [69]. In this case, metastable β phase 
should have ordered to β1 structure at ~500°C through β→ β1+(Cu) metastable 
eutectoid reaction [69].  
During cooling down of the substrate, the cooling rate at the substrate/modified zone 
interface was higher than that of the surface of the modified zone due to high thermal 
conductivity of the copper substrate. The high cooling rate at the substrate/modified 
zone interface should have prevented the equilibrium eutectoid reaction (β→γ1+(Cu) 
at ~567°C) to take place, therefore, a continuous layer of martensitic β1 phase or an 
eutectoid structure (resulting from β→ β1+(Cu) metastable eutectoid reaction) 
composed of very fine lamellae was formed at the substrate/modified zone interface. 
As given in XRD spectra (Fig.10.2), besides β1 phase, the modified zone also 
included (Cu) and γ1-Al4Cu9 phases. Cross-sectional BSE SEM and EDS 
investigations showed the presence of local, limited amount of eutectoid γ1+(Cu) 
microstructural features in the modified zone (Fig.10.3b). These formations are 
believed to be due to the aluminum droplets formed during cathodic arc evaporation 
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of aluminum. High temperatures in the close vicinity of the droplets and the local 
increase in the aluminum concentration stemming from the droplets should have 
resulted in the formation of high temperature β-AlCu3 phase, which, during cooling, 
transformed into γ1+(Cu) eutectoid mixture through the reaction at ~567°C. 
10.2. Surface Modification of High Purity Cu Substrate with CA Aluminum 
Plasma – Short Total Bombardment Duration 
The surface modification process was also applied to copper substrate by applying 
shorter total bombardment duration (3.2 minutes) in order to decrease the diffusion 
depth and to shift the chemical composition of the modified zone towards the phases 
that are richer in Al. As the diffusion depth was decreased and the aluminum supply 
per cycle was increased, it was expected to obtain phases that are richer in aluminum 
in the modified zone. 
According to XRD investigations the modified surface mainly consisted of γ1-Al4Cu9 
intermetallic phase accompanied by (Cu) solid solution (2θ= 42.7°, 49.7) and 
martensitic β1-AlCu3 phase (Fig.10.4). The calculations carried out by using 
Vegard’s Law [119] also showed that the amounts of aluminum and copper in the 
solid solution were ~12 at.% and ~88 at%, respectively. (The detailed calculation 
based on Vegard’s Law is presented in Appendix 6.) 
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Figure 10.4: XRD diffractogramme of copper substrate after surface modification 
with cathodic arc aluminum plasma. The deposition and bombardment 
cycles and the total modification durations are 150 V-60 sec,1000V-
15 sec, 16 min. 
According to surface BSE SEM images, the modified surface consisted of a single 
phase microstructure (Fig.10.5a). Analysis of the surface with EDS showed that the 
surface composition comply with the composition of γ1-Al4Cu9 intermetallic phase.  
Cross-sectional BSE SEM images of the modified zone (8-10µm thick) showed the 
presence of a two phase microstructure (Fig.10.5b). EDS analyses performed on 
those phases showed that the light colored areas in the modified zone were β1-AlCu3 
phase and darker areas were γ1-Al4Cu9 intermetallics. Martensitic β1-AlCu3 phase 
was formed closer (adjacent) to the copper substrate. The outer surface of the 
modified zone completely consisted of Al-rich γ1-Al4Cu9 phase. The limited amount 
of (Cu) solid solution could not be detected with SEM and EDS investigations.  
Microhardness measurements, conducted on the dominant phase (γ1-Al4Cu9) in the 
modified zone, showed that the microhardness values varied between 990 HV and 
1190 HV which is in agreement with the values reported in the literature [28].  
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Figure 10.5: (a) Surface and (b) cross-sectional BSE SEM images of pure copper 
substrates after surface modification with cathodic arc aluminum 
plasma. The deposition and bombardment cycles and the total 
modification durations are 150 V-60 sec, 1000V-15 sec, 16 min. 
The solid state transformation sequence explained previously for the surface 
modification process with “long total bombardment duration”, should have also 
taken place in the case of the surface modification with “short total bombardment 
duration”. Initially, (Cu) solid solution should form on the surface of the substrate 
followed by the transformation of (Cu) phase to high temperature β-AlCu3 by taking 
aluminum continuously into its structure. The applied bombardment duration, in this 
case, was insufficient for the effective interdiffusion between the deposited (60 
seconds) aluminum layer, the β phase and the copper substrate. Therefore, with the 
(b) 
(a) 
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increase in the aluminum content, the composition reached to the range, over which 
β-AlCu3 and γ1-Al4Cu9 phases are in equilibrium. Finally, with further increase in the 
aluminum content, single phase γ1-Al4Cu9 phase was formed at the modified surface. 
During cooling down of the substrate in vacuum environment, high temperature β-
AlCu3 phase should have retained in the microstructure as martensitic β1 phase due to 
higher cooling rates at the areas closer to the copper substrate. Therefore, as the total 
bombardment duration was decreased and the deposition duration (amount of 
aluminum per cycle) was increased, γ1-Al4Cu9 phase (richer in Al) was formed on 
the surface instead of (Cu)-β1 phase mixture (Fig.10.6). Enhanced interdiffusion 
processes between the copper substrate and the deposited aluminum resulted in the 
formation of modified surfaces with different compositions depending on the surface 
modification process parameters.  
According to a study, which involves dipping of copper substrate in a molten high 
purity aluminum pool, graded intermetallic structures were formed on the surface of 
the substrate [122]. The unlimited supply of aluminum resulted in the formation of 
aluminum rich intermetallics such as θ-Al2Cu and η2-AlCu. However, in the CA-
PVD surface modification technique based on deposition and bombardment of 
aluminum ions on high purity copper substrate, limited amount of aluminum was 
introduced to the surface of the substrate. Although the deposited aluminum layer 
melts during the bombardment period, it was possible to obtain copper rich phases in 
the modified zone owing to the limited amount of aluminum 
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Figure 10.6: Overall composition values, shown on Al-Cu binary phase diagram, 
according to the EDS analyses carried out on the modified surfaces of 
high purity copper substrates deposited for 60 seconds and 30 
seconds.   
 86 
 
 
. 
 
 87 
 
11.  CONCLUSIONS 
In this study, the possibility of alloying and modifying metal surfaces with energetic 
CA plasma was shown for the first time. The surface modification approach involved 
sequential deposition of target material (at low bias voltages,-150V) and 
bombardment (at high bias voltages,-1000V) on the surfaces of the substrates. With 
the surface modification approach used in this study, it became possible to alloy the 
deposited metal with the substrate metal and adjust the amount and type of the 
intermetallics by tuning the deposition and bombardment durations.  
In surface modification experiments conducted below 500°C on pure aluminum 
substrates, intermetallic rich surface layers composed of Al-Al2Cu and Al2Cu-AlCu 
phase mixtures with a thickness of 1-3 microns were formed as a result of enhanced 
diffusion processes. As the bombardment duration was increased from 3 seconds to 
7.5 seconds (while keeping the deposition duration constant, 60 seconds), the copper 
rich surface layer experienced successive solid state transformations by taking 
aluminum continuously into its structure. Consequently, increasing the bombardment 
duration leaded to the formation of high Al-bearing phases such as Al-Al2Cu mixture 
located at the Al-rich side of the phase diagram. On the other hand, decreasing the 
bombardment duration resulted in the formation of Al2Cu-AlCu phase mixture, 
which belongs to the intermediate composition range in Al-Cu phase diagram.  
The CA-PVD surface modification process applied to pure aluminum substrates 
without a temperature limitation resulted in the occurrence of eutectic reaction   
L→α-Al+θ-Al2Cu and formation of eutectic mixture composed of α-Al and θ-Al2Cu 
on the surfaces. Additionally, some areas at the modified surfaces were composed of 
hypereutectic microstructures as a result of local increase in the copper concentration 
at the surface stemming from the macro-particles.  
The CAPVD processes conducted below 500°C on 0.3wt.% and 1.wt% Fe containing 
aluminum alloys resulted in the formation of intermetallic rich structures at the 
modified surfaces. The modified surfaces of Al-0.3wt.% Fe substrates consisted of θ-
Al2Cu and η2-AlCu intermetallic phases. In cases, when the bombardment duration 
 88 
 
was increased to 7.5 and 10 seconds, α-Al phase was identified in the modified zone 
along with θ-Al2Cu and η2-AlCu phases. The modified surface (below 500°C) of the 
Al-1wt.% Fe consisted of θ-Al2Cu and ω-Al7Cu2Fe phases. The iron enrichment at 
the surface, which was necessary for the formation of ω-Al7Cu2Fe phase, occurred as 
a result of the solid state diffusion of iron towards the surface. 
Application of the CA-PVD process without a temperature limitation led to the 
melting of the Al-Fe substrate surfaces. In this case eutectic and peritectic reactions 
became possible resulting in the formation of intermetallic phases. In alloys with a 
low (0.3wt.%) Fe content the main phases formed were α−Al and θ-Al2Cu produced 
through eutectic reaction. However, in alloys containing 1wt.% of Fe appreciable 
amounts of ternary Al-Cu-Fe intermetallics appeared in the structure. The presence 
of Fe, distorted the eutectic structure giving a totally different surface structure 
composed of Al, Al2Cu, and ternary Al-Cu-Fe intermetallics, some of which showing 
strong resemblance to IQC phases. The presence of such high amount of iron at the 
surface is found to be due to the diffusion of iron from bulk to the surface, which is 
clearly shown through cross sectional investigations of the modified surfaces. This 
process can be applied to other binary and ternary alloys systems for obtaining 
intermetallic rich surfaces. 
The results of the modification experiments on copper surfaces with aluminum CA 
plasma showed that enhanced interdiffusion processes between the copper substrate 
and the deposited aluminum resulted in the formation of modified surfaces with 
different compositions depending on the surface modification process parameters. In 
surface modification experiments conducted with the application of long total 
bombardment duration, the modified zone (~15µm thick) mainly consisted of a 
mixture of martensitic β1-AlCu3 and (Cu) solid solution, which was accompanied by 
γ1-Al4Cu9 intermetallic phase. As the total bombardment duration was decreased and 
the amount of aluminum supply per cycle was increased, the modified surface 
(~10µm thick) mainly consisted of γ1-Al4Cu9 intermetallic phase accompanied by 
(Cu) solid solution (2θ= 42.7°, 49.7) and martensitic β-AlCu3 phase.  
This process can be applied to other binary and ternary alloys systems for obtaining 
intermetallic rich surfaces and can rather easily be adapted to technological processes 
compared to other PVD techniques by properly adjusting the deposition-
bombardment durations and plasma density. 
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APPENDIX A.6: Calculations carried out by using Vegard’s Law. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX A.1: XRD diffractrogrammes of pure aluminum substrates after 
surface modification with cathodic arc copper plasma below 
500°C. 
APPENDIX A.2: XRD diffractrogrammes of pure aluminum substrates after 
surface modification with cathodic arc copper plasma without 
temperature limitation. 
APPENDIX A.3: XRD diffractogrammes of Fe (0.3wt.%) containing aluminum 
substrates after surface modification with cathodic arc copper 
plasma below 500°C. 
APPENDIX A.4: XRD diffractogrammes of Fe (0.3wt.%) containing aluminum 
substrates after surface modification with cathodic arc copper 
plasma without temperature limitation. 
APPENDIX A.5: Aluminum rich side of the equilibrium binary Al-Fe phase 
diagram. 
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APPENDIX A.1  
 
Figure A.1.1: XRD diffractogramme of pure aluminum substrates after surface modification with cathodic arc copper plasma below 500°C. The 
deposition and bombardment cycle parameters and the total modification durations are 150 V-60 sec, 1000 V-7.5 sec, 21 min. 
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Figure A.1.2: XRD diffractogramme of pure aluminum substrates after surface modification with cathodic arc copper plasma below 500°C. The  
deposition and bombardment cycle parameters and the total modification durations are 150 V-60 sec, 1000 V-5 sec, 30 min. 
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Figure A.1.3: XRD diffractogramme of pure aluminum substrates after surface modification with cathodic arc copper plasma below 500°C. The 
deposition and bombardment cycle parameters and the total modification durations are 150 V-60 sec, 1000 V-3 sec, 25 min. 
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Figure A.2.1: XRD diffractogramme of pure aluminum substrates after surface modification with cathodic arc copper plasma without 
temperature limitation. The deposition and bombardment cycle parameters and the total modification durations are 150 V-60 sec, 
1000 V-10 sec, 25 min. 
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Figure A.2.2: XRD diffractogramme of pure aluminum substrates after surface modification with cathodic arc copper plasma without 
temperature limitation. The deposition and bombardment cycle parameters and the total modification durations are 150 V-60 sec, 
1000 V-7.5 sec, 25 min. 
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Figure A.2.3: XRD diffractogramme of pure aluminum substrates after surface modification with cathodic arc copper plasma without 
temperature limitation. The deposition and bombardment cycle parameters and the total modification durations are 150 V-30 sec, 
1000 V-7.5 sec, 30 min. 
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Figure A.2.4: XRD diffractogramme of pure aluminum substrates after surface modification with cathodic arc copper plasma without 
temperature limitation. The deposition and bombardment cycle parameters and the total modification durations are 150 V-15 sec, 
1000 V-7.5 sec, 25 min. 
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APPENDIX A.3 
 
Figure A.3.1: XRD diffractogramme of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper plasma 
below 500°C. The deposition and bombardment cycle parameters and the total modification durations are (a) 150 V-60 sec, 1000 
V-10 sec, 21 min.  
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Figure A.3.2: XRD diffractogramme of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper plasma 
below 500°C. The deposition and bombardment cycle parameters and the total modification durations are 150 V-60 sec, 1000 V-
7.5 sec, 21 min. 
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Figure A.3.3: XRD diffractogramme of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper plasma 
below 500°C. The deposition and bombardment cycle parameters and the total modification durations are 150 V-60 sec, 1000 V-5 
sec, 30 min. 
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Figure A.3.4: XRD diffractogramme of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper plasma 
below 500°C. The deposition and bombardment cycle parameters and the total modification durations are 150 V-60 sec, 1000 V-3 
sec, 25 min. 
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Figure A.4.1: XRD diffractogramme of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper plasma 
without temperature limitation. The deposition and bombardment cycles and the total modification durations are 150 V-60 sec, 
1000V-10 sec, 28 min.  
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Figure A.4.2: XRD diffractogramme of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper plasma 
without temperature limitation. The deposition and bombardment cycles and the total modification durations are 150 V-60 sec, 
1000 V-7.5 sec, 25 min.  
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Figure A.4.3: XRD diffractogramme of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper plasma 
without temperature limitation. The deposition and bombardment cycles and the total modification durations are 150 V-30 sec, 
1000 V-7.5 sec, 30 min. 
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Figure A.4.4: XRD diffractogramme of Fe (0.3wt.%) containing aluminum substrates after surface modification with cathodic arc copper plasma 
without temperature limitation. The deposition and bombardment cycles and the total modification durations are 150 V-15 sec, 
1000 V-7.5 sec, 33 min. 
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APPENDIX A.5 
  
Figure A.5: Aluminum rich side of the equilibrium binary Al-Fe phase diagram [118]. 
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APPENDIX A.6 
 
The calculations were carried out for AlxCu1-x.   
Vegard’s Law: aAlCu = xaAl + (1-x)aCu,  
where aAlCu: lattice parameter of (Cu) solid solution 
                       aCu = 3.62 Å 
                       aAl = 4.045 Å 
For Cu-Kα, λ = 1.542 Å 
Bragg’s Law:  λ = 2dAlCusinθ  
 Where λ: wavelength of the x-ray, d: interplanar spacing, θ: diffraction angle 
dAlCu = aAlCu/((h2+k2+l2)1/2) 
 where dAlCu: interplanar spacing of (Cu) solid solution  
                       h, k, l: Miller indices of the planes 
Calculations for each peak, which was identified in the XRD pattern, were carried 
out below. For each calculation, 2θ value obtained experimentally (2θ-e), 2θ value 
for metallic copper (2θ), and Miller indices of the relevant plane (hkl) were given at 
the beginning. 
 
For (111) → 2θ = 43.29° and 2θ-e = 42.7° 
1.542 Å= 2dAlCusin (42.7/2) 
dAlCu = 2.118 Å 
2.118 Å = aAlCu / ((12+12+12)1/2) 
aAlCu = 3.67 Å 
3.67 Å = 4.045x + 3.62(1-x) 
x = 0.1176    Al:11.76 at.%, Cu: 88.24 at.% 
 
For (200) → 2θ = 50.46° and 2θ-e = 49.7° 
1.542 Å= 2dAlCusin (49.7/2) 
dAlCu = 1.835 Å 
1.835 Å = aAlCu / ((22+02+02)1/2) 
aAlCu = 3.67 Å 
3.67 Å = 4.045x + 3.62(1-x) 
x = 0.1176    Al:11.76 at.%, Cu: 88.24 at.% 
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For (220) → 2θ = 74.13° and 2θ-e = 72.9° 
1.542 Å= 2dAlCusin (72.9/2) 
dAlCu = 1.298 Å 
1.298 Å = aAlCu / ((22+22+02)1/2) 
aAlCu = 3.671 Å 
3.671 Å = 4.045x + 3.62(1-x) 
x = 0.12    Al:12 at.%, Cu: 88 at.% 
 
For (311) → 2θ = 89.86° and 2θ-e = 88.3° 
1.542 Å= 2dAlCusin (88.3/2) 
dAlCu = 1.1069Å 
1.1069 Å = aAlCu / ((32+12+12)1/2) 
aAlCu = 3.67 Å 
3.67 Å = 4.045x + 3.62(1-x) 
x = 0.12    Al:11.76 at.%, Cu: 88.24 at.% 
 
For (222) → 2θ = 95.143° and 2θ-e = 93.48° 
1.542 Å= 2dAlCusin (93.48/2) 
dAlCu = 1.0587Å 
1.0587 Å = aAlCu / ((22+22+22)1/2) 
aAlCu = 3.667 Å 
3.667 Å = 4.045x + 3.62(1-x) 
x = 0.11    Al:11 at.%, Cu: 89 at.% 
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